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foffers a high image resolution, which would be an exce alternation
for the digital counterpart. We have also in this p riod conducted a
measuring technique for the degree of coherence in the Fourier plane of
the grating-based white-light signal processor. We have shown that high
degree of coherence is achievable with a signal sampling grating it the
input plane. Thus the white-light technique is capable of processing
the information in complex amplitude and it is very suitable for color

.o signal processing. In this phase of research we have also studied the

effect of coherence due to source encoding, signal sampling and spectral
band filtering, as applied to the white-light signal processing. The
effect of source encoding is to relax the constraints of a physical" .
light source, and the effect of the signal sampling is to improve the
degree of temporal coherence at the Fourier plane. Thus the signal can
be carried out by a broad spectral filter. In this period, we have
investigated the noise performance of a white-light signal processor.
The noise performance under the temporally incoherent illumination is

quantitatively analyzed. We have shown that the output signal-to-noise
ratio improves considerably with the increasing the spectral bandwidth
of the light source employed. In addition, we have also evaluated a
dual-beam encoding technique for color holographic construction. The
color hologram image can be easily reproduced by a white-light processing
technique. This encoding technique would offer the simplicity of color
hologram generation without utilizing a reference beam. In brief, we
have shown again the versatility of the proposed white-light processing
technique.
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1. Introduction

O-Z In the past year, we have accomplished several major research works on

white-light optical information processing area. Our research programs

were consistent with our AFOSR grant, for which in part have been published

in various refereed journals and conference proceedings, and have been

presented to several scientific conferences (e.g., OSA, SPIE). Sample

copies of these articles are included in this annual report in the

subsequent sections, to provide a concise documentation of our research

program. In the following sections, we shall give an overview of our

research work done in the period from March 15, 1983 to March 114, 19814. We

will detail some of those accomplished works. A list of publications

resulting from AFOSR's support Is included at the end of this report.

II. Summary and Overview

Although optical signal processing has the unique abilities of (1)

complex amplitude processing, (2) parallel processing capability, (3) high

resolution, (14) speed, and (5) color, however the lack of versatility,

stringent processing environment, artifact noise, costly light sources,

etc., those are the major impediments for the slow emerging as possible

alternation to the digital counterpart. Nevertheless, there are techniques

for optical signal processing that can successfully compete against the

electronic and digital systems. One of those techniques would be the

white-light signal processing technique. The advantages of the white-light

signal processing are: (1) It eliminates the coherent artifact, (2) the

white-light source is generally inexpensive, (3) the processing environment

is rather relaxed, (4~) the white-light processor Is easy and economical to

maintain, and (5) the processor is very suitable for color signal

I'. processing.
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We have, in the past few years, developed a grating based white-light

optical signal processing technique [1,2] to processing the optical signal

In complex amplitude. We have illustrated that this white-light processing

technique is capable of suppressing the coherent artifact as an incoherent

processor [3] and at the same time it can process the information in

complex amplitude as a coherent processor [4]. In an article [5], we have

shown, that smeared-photographic-image can be deblurred with white-light

".1 processing technique, since the white-light sources possess all the visible

color wavelengths, it is particularly suitable for color image processing:

For example, the color image deblurring [6], archival storage of color film

[7], pseudocolor encoding [8) and others. We have also developed a source

encoding concept [9] In which the inability of an extended white-light

source may be alleviated. That is, for a processing operation, a source

' encoding technique may be generated to provide a specific spatial coherence4*ay

function that is suitable for the processing, e.g., the image subtraction

with encoded Incoherent source [10,11]. In other words, a broad spatial

coherence function may not be needed for certain optical processing

operations. It is possible, however, to obtain a reduced spatial coherence

function for a specific processing operation by spatially encoding the

light source. We have also extended the incoherent image subtraction

technique for color images [11,12]. As compared with the results obtained

with a coherent source, we see that, the results obtained with incoherent

and white-light techniques offer a higher Image quality than those obtained

6' with coherent processsing technique [13].

We have, also in the past two years, investigated the coherence

requirement for this white-light optical processing technique [14]. These

*1 basic optical processing operations are evaluated. We have shown that for

,4".



Athe linear Image deblurring problem, the spatial coherence requirement is

dependent upon the source size, smeared length, and spatial frequency of

the grating. While for-image subtraction problems, the coherence

requirement is dependent upon the ratio of slit size to the spading of the

slits of a source encoding mask, the slit size, the spectral bandwidth of

the light source and the separation of the input object transparencies.

For correlation detection [15), the requirement for temporal coherence

strongly depends on the spatial frequency and the spatial extension of the

target (i.e., space bandwidth product). However, the spatial coherence

A requirement depends only on the extension of the target.

We have also formulated an apparent transfer function of this proposed

white-light optical processing system [16]. Although these formulas show

that the apparent transfer function is dependent upon the degree of spatial

and temporal coherence, there is actually more variability in the spatial

* coherence. We note that the obtained formulas may also be used as a

-: criterion in the selection of source size and spectral bandwidth of an

incoherent light source. Thus a specific optical information processing

operation can be carried out with an incoherent source.

We have also in this period evaluated the (white-light transmission)

rainbow holographic aberrations and its bandwidth requirements [17]. We

have shown the conditions for the elimination of the five primary rainbow

holographic aberrations. These conditions may be useful for the

application of obtaining a high quality rainbow hologram image. In term3

of bandwidth requirement, we have shlown that the bandwidth requiremnt for

a rainbow holographic construction is usually several orders lower than

that of a conventional holographic process, hence a lower resolution

recording medium can generally be used.
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We have also conducted a research on the detection of phase object
I."

variation through color encoding with encoded extended incoherent sources

[18). This technique provides fine detail of the object phase variation

between fringes, including both the positive and negative phase variations.

In the following sections, we shall highlight some of the research

done during the past year effort on white-light signal processing.

2.1 Broad Spectral Band Color Image Deblurring (Section III)

In the past twelve months, we have conducted a broad spectral band

color image deblurring [19]. The technique utilizes a fan-shape broad

spectral band deblurring filter to compensate the scale variation of the

smeared Fourier spectra. This technique is particularly suitable for

linear smeared color image deblurring.

2.2 Noise Performance

In this period, we have also quantitatively analyzed the noise

performance for a white-light signal processor. The analysis is broken

down Into two major parts; the effects due to temporal coherence and due to

spatial coherence. We have completed the noi3e performance due to the

temporally partially coherent illumination, for which a paper is submitted

e for publication [20).

2.3 Pseudocolor Encoding with Three Primary Colors (Section IV).

*We have also In this period developed a white-light density

.7." pseudocolor encoder for three primary colors [21]. The advantages of this

technique are; it is very cost effective and offers a high image

* resolution, as compared with the digital technique.

2.4 Partial Coherent Measurement (Section V).

We have, in this phase, accomplished a coherent measurement for our

* white-light optical signal processor [22]. The results show that the

:0:

° ?.
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degree of coherence in this Fourier plane increases as the spatial
frequency of the sampling grating increases. However, the improvement in

' coherence is somewhat more effective in the direction perpendicular to

light dispersion. Since the white-light processor is capable of processing

complex signal with entire spectral band of the light source, it is

suitable for color signal processing.

*! 2.5 Restoration of Out-of-Focused Color Image (Section VI).

In this period, we have also extended the color image deblurring to

2-D out-of-focused color photographic images [23]. Final results of this

restoration technique have been obtained.

2.6 Source Encoding, Sampling and Spectral Band Filtering (Section VII).

We have also in the past year developed a general concept on source

encoding, signal sampling and spectral band filtering for a white-light

processor [24].. A similar paper was also presented to the 10th

International Optical Computing Conference at M.I.T. on April 6-8 [25].

2.7 Advances in White-Light Optical Signal Processing (Section VIII).

We have also in this period reported a paper on the recent advances in

white-light to the proceedings on Optical Information Processing Conference

II, NASA Langley Research Center [26].

2.8 Remarks

We have also, in this period, investigated the real-time and computer

controllable processing capability as applied to white-light signal

processing. We are also currently developing a computer generated filter

algorithm for our white-light signal processor. Interesting results would

be surfaced in the near future. In short, the white-light signal

processing research program, supported by AFOSR, is conducted extremely

well as proposed. As it can be seen, several significant results have been

0ej

% *:'-*% .*<. . .
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documented in open literatures available for the interested technical and

research staffs, for example, as listed in Section III to VIII.

2.9 Future Research

Our aim in the following years is toward the following goars:

1. The synthesize a low cost computer controllable white-light

pseudocolor encoder.

2. To carry out the white-light programiable p3cudocolor encoder for

multispectral band satellite pictures, x-ray transparencies, scanning

electron micrograph, etc.

3. Measurement of the noise performance of the white-light signal

processor.

4. To develop a real-time programmable processing capability for the

white-light signal processing technique.

5. To carry out various real-time signal processing applications.

6. To develop a real-time color signal processing capability.

7. Provide experimental demonstrations and applications of the

principles and processing operation that we proposed.

8. To develop techniques of synthesizing a broad spectral band

complex matched filter for the white-light processing system.

9. To develop a computer generated spatial filters program that is

suitable for broad spectral band white-light processing.

10. To develop a technique of utilizing real-time magneto-optics

spatial light modulator for filter synthesis, as applied to white-light.

11. Improve the resolution, system performance, and signal-to-noise

ratio of the proposed system.

12. To develop a generalized source encoding technique for theI proposed white-light processor.

4-.

4.



* ' 7 . - . . .• . ..

13. To develop a sun-light processing capability.

14. Evaluate the merits, constraints, and limitations of' the proposed

system.

15. To develop techniques of generating and reconstructing hologram

". philosophies of the US Air Force and DOD needs.

The modern tactical and strategic Air Force engagement scenarios

assume rapid, effective, secure, independent processing and communication

. iamong many ground and airborne stations. We believe that the proposed work

will have a profound and direct effort on Air Force processing system as

. Iwell as provide substantial "fall out" benefit in such areas as radar,

sonar, tracking, targeting, surveillance, inspection, and many others.
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Reiiriigc'c frome Applied Optics, VolI. 22, page 14:39, Muay 15, 19KI
Copyright 0 198:1 by the Optical Society or America and reprinted by permisajon of the copyright owner.

* Broad spectral band color image deblurring

T. H. Chao, S. L. Zhuang, S. Z. Mao, and F. T. S. Yu

A biroadndlcd white-light tcrovessing techiniqiue for smeared color phcclcgrcpliic iniage cebllurriiig isclescrilled.
Thle tec'hniquie ttilesi a diffract ion grating method to disperse the scmeared image spectra in the Foucrier

I jilane' '.cc I ~hat lilt eniri e pc iO hnd of ite white liglul sourre Cail Ile tii ilizc'i lar IN ale liltirriicg. tlIhis
ppe'r Ik. lit-1-- lciltci of 'cyllf licsiiflog n fciic-shilli' I yll comliex de'ldtirricig fil cr I o nricciicle wavelength

vucicl i,, ic Ire'c'i id. lEx iwrjr toc'cc I ja restd all mclciwe Metal. this Icrid ac l ii ra i d fartic un s-ioccig I wi'iijii of-
fers an excellent cocherent artifact nohise sup~pressioin, and the technique ise particularly scuitable fort color

I - image dehluriring. Experimental demonstrations and comparisons with the narrowband and coherent de-
blorring aire ailso provided.

1. Introduction while-light. so)urc'e. Tlo obtain the broadband de-
Restoc rat i on ofIileare('d phe 'c graphl c tli'Ingts IbJIS Ii blurg ri ng effectI, i fn -siil d sI l ial liltler t co4m ttisuit t

been an interesting and important aplhication in optical the scale of the F'ourier spectra should hie tit ilized at the
prcssing.1 7 In iniage deblearritig meicl 'c t' effort. Fouirier pinne. -1 (lchowlole of' synt lwsizitig ft 1w

1111S b1,4en &Vdevetc to applying inve'rse riltering c'onc(epts5 fan-shaped b~roadblandf elirring filter is give'n. Thew
to the fimage restorat ion. As thoeit works (evolved, two coherence reqjuirements fotr thie white-light image de-
problems are still of intense interest; namely, the co- blurring are illustrated. Experimental demonstrations
herent artifact reduction and color image dehlurrirtg. with the comparison of' narrowtifnd deblurring and
Although Wiener filters, had been apIplied in coherent coherent technique are p~rovidled.
p~roce'ssoirs by severil invest igat ionis1 1; for noise reduic-

*tion, they (do itot stuppress thle inherent coherent artifact 11. Broadband Image Deblurring
noise in the processing system. Recently, Yang and We shall now discuss a broadband image deblurring
L~eith 7 proposed a spatial domain olecernvolution tech- techniquc utilizing the ent ire spectral hand cf a white-
nique for image deblurring. They used an extended light source. Let this linear smeared imag ' be given,
incoherent line source for (hehitrring, and the coherent i.e.,
noise was remarkably reduced. However, their tech-
nique is only suitable for processing monochrome Axv ~~)*re

' blurred images. In previous papers8- 1 we presented lwt)
a white-light processing techniqtie feor linearly smeared wee.(~)adsxy r h mae n nmae
imlage deblurring. We have shown that the white-light images,

* image deblurring technique is capable of eliminating the
coherent artifact noise and is suitalie for color image W

* deblurring. However, the results that we obtained were ret2~ 2
%eprimarily restricted to the narrow spectral band de- 0,otewie

allrin exen ncept. dblrrn and W is the sme'aredl length.
In this paper we shall exLn h igedhurn et. u% insert the smeared imiage I ransparelicy of Fq.

technique to the ent ire broad sleiral band of the (I h h'iitplnI'it awteIgtotiair-

ceso a shewn in-o Fsig. 1. The complex light distribu-
I on for every wavelengt h X at the hack focal length of
the transform lens would be

___________X - C(I' R(xv.A exp~ipiix)
'rhle acchicr% are with 'e'nnsvvucnia Slate tUniver~ity. Electrical I

Engioeerniig D~epart meni. I Iniversity P'ark, I'cnnsylvanin 16802. X exp i L(ro + Y1)dxdyv, (3)
Received 13 Octoiher 1992.1-xI
(W03.6935/31/1014:19-06$01.00/. where pi is the angular spat ial frequency of the phase
(o 1983 Optical Society (if America. grating, it = I(Xf)/27rip and /I = J(Xf)/2rIq represent the

15 May 1983 /Vol. 22, No. 10 /APPLIED OPTICS 1439



141Di I ild vi~otIillIig e ysiem or l'ittrier gplaot! 1'2, (P0011 i-4j% th(le cOrrespiininig antgular spatialt frequecncy rodint' 0
qvstti vu. f i5 4 te r.x-1l It'itgI Ii II of hw aelrinIit i I rixfo~riii C 0

-. ~lens, and C is anl app~ropriate comleLx contstatnt. Tlhus,

* Eq. (3) can be written as w.IOR1m

2w~ 002

where
0 o 00 6000

Spectral Bandwidth ~A

Since scale of ft-e signa~l tmjeet in is ,irolpr jonlal I..,W

-in-hape 2.n~ wher FI enolwtes ute iver~sfc ourier thsfor b

signa (pe).r woul smea hntr as f. suibstituting HEqs. (5) id (61) into Eq. (7), we have
to ietewdrrgo)of the smeared spectra is in R(zXy;X) = sqzxy) exp ipx). (8)

redandthebotomis in violet. w Ihich sidpneto h aeegho h ih
Let us assume that a fan -shaped broad spectral band souce Ths ineendent oftu thwaenth ofstthetilight

deblurring filter (i.e., a broadband inverse filter) to ac soe The esulatotu niydsrbto a
commodate the variation of the scale of the signal
spectra is available. This fan-shaped filter is described f~~~ = gX;):d &AXXC2 9Ax(9)
in the following equation: gxy)Id= A.tyI.

II~n1).)= At- ~ ~ y 2! J 1  which is jiroportionnil to t li ent ire spect roil lhaidwiddil
S2 1.- ) f'J c l (W)~ 4111 A/j 13, AX of Lte white-light source. Thus we see that this

IF P0. ain -I proposed white-light deblurring technique is capable
2w Nw_(0) of p)roccsaing the information with the entire visible

spectral band, and it is very suitable for the application
In image deblurring we wou,. ld insert this deblurring to color- image deblurring. Since the integration of Eq.
filter of Eq. (5) in the spatial frequency plane Of P2. (9) is taken from the entire spectral band of the white-
The complex light distribution for every A at the output light source, the coherent artifact noise in principle can
image plane P:l can be written a% be eliminated.

S. _M -~ It',4,11X 17 111I. Coherence Requirement
I ' Although this proposed deblurring technique utilizes

a whiite!-light so~urce, the p~rocessing is opjerated in a
partially coherent mode. It is, therefore, our aim in this

* section to discuss the basic coherence requirement for
T(11 this proposed color image deblurring technique.

In a previous paper" we obtained the coherence re-
quirerr ents for a partially coherent optical processor.
Several of those fruitful results can be applied to our
proposed white-light image deblurring system.

We shall first discuss the temporal coherence re-
* quirement for the image delilurring. We shall use the

results obtained in our previous article as shown in Fig.
2. This figure shows the plots of the spectral width AX

f requirement. of the light. %mtirce (i.e.. eqidvalent to t he
P, narroiw sid a widthI of t he deblurring flter) as a

f iint ion oif (lhlurredl lengthI (A IV) for various values
* of smeared length W. The wavelength spread across
* a narrow spectral band filter centered at wavelength

N>AA \()I 4 Ap/ptil. po >> Ap. (10)

o r
Fig. 1. White-light procesnhir for smeared cotlor image deblurring: A_ AX
1. white-light point wmurce; .A(xy). qmeared cotlor image transparency; (t
TOx). diffraction grating; L, tand ".2, nchrttmatic trntudottm lenses; " '

Ilive.&MA. btroadl %pectral linddotl(te~urritig filter. where Ap is the angular spatial frequency limit of the

1440 'APPLED OPTICS /Vol. 22. No. 10 /15 May 1903
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* ITabl. Temploal Cohereince Requirement forkip 5461 A We shall now (liscuiss the sp~atial coherence require-
'I 0012 0.01 0.21) ~o~~i .lrI meit . Since I he tieliltirring operation acts on the

41A (A) 270 4(k) (,40 WA !P90) sniared leingi It, I lie cohetrence retidrenient is depen-
AW/W 1/20 i1/11 1/14) 1/8 1 S dent on the width or the light source. Let us now use*. r the plots of dlurring width as a function of the Source

size as shown in Fig. 3. From this figure we see that the
deblurring effect (i.e., AW) ceases when the source

~~a. widt~h AS reaches a critical width AS. We shall now
* summarize the resultsq of the spatial coherence re-

to quirement in '1'able 11. From this table we see that the
highler the degree of dehiurring (i.e.. smaller AIV), the

11' more critical the slil jial cotireiice (i.e., sinaller the AM)
I.. is reqtliiredl. 11. is, I herefgore, One f the prices we paidl

-) for it higher degree ot dellurriog.

-- 4- ~ . -IV. Broadband Deblurring Filter Synthesis
0 O it 04 @406 Do to It0

Sore .. We shiall nOW brietfly (lescri lie I(le syntI.hesis of a fait -
Sor S-Z as0.) shaped (i.e., broad spectral hand) (lehlurring filter. The

synthesis is a combination of an absorptive-amplitude
Fig. 3. Plots of the deb]iurring wid th as a function of the source size filter and a phase filter. A fan-shaped phase filter is

for varions values of the smeared length W. composed of several slanted bar-type phase objects as
illustrated in Fig. 4. Each phase bar would give rise to

Table It. Effect of Spatial Coherenice Requilrent specific ir phase retatrdatiorn for a Ipredescribed disper-
sion of rainbow color wavelength. We note that the

AW height of deblurring filter is. of vouirse, dependent oin thle
nu0t 1/20 ti/I 1/10 1/ grating frequeocy pu at. the input pllane. Tlhe period-

____ icity of the deblurred filter is certainly determined by
fit, m 11. 0.t8 fill )')2 thet solearedl lengt It of (te biltirred fobject., 111( the width

1 ni0. 1 0.1M 0.26 0.401 of the filter defines the (degree of* (lellurring.12 In
2 nin 0.05 0.08 0.12 0.18 constructing a broad spectral band phase deblurring

- - filter, we utilize a vacuum deposition technique. It can
bie accomplished Ivy depositing thle magnesium fluoride

iipt blurr 'ed object transparency, andl po is the angular (MgF 2) onI t his surfamce of an opt) ical tiat gla"s suibst rate.
s Iva:1 Ijul frequenimcy of Ilivi plinse gritIi ng. Tlhe' emlilrill In thIi% techtili., 1; lociking ouask ofn faii-lilietI bar
coherenice requiiremnent f or a narrow spectral hanid de- p~atternl as shown in Fig. 4 is used ror thle vacuum (de-

- .blurring filter for wavelength 5461 A is tabulated in position. The MgF 2 Vapor is deposited through this
- - Tauble 1 blockinvg inask, lofget her with Ii linear moving covering

Although the temploral requirement is based on a plate, from top to bottom as illustrated in Fig. 4.
narrow spectral band analysis, it can be extended to a The thickness (of the deposited coating can be deter-
broad spectral band operation. For example, a broad mined by the following equation:
spectral band filter (e.g., fan-shaped dehlurring filter) X___.(2
can be considered as a summation of a sequence of 2(n - 1)
narrowband spatial filters of various wavelengths. The
deblurred image is the result of the superposition of the
mutually incoherent light fields derived from the nnr- ~
rowliantl filters. Tlhus, the temporal coherence re-

Fan Shopetquirement shown in Tattle I can also be applied to a 8Iockelf Moth
broad spectral band filtering. As an example, ifi nMonIlf
(Au )/i' = 0.012 andtc I he 5lspect ril bidwitlt It off the light -. ~rf Hnt
mmirife i- 3000H A, fill- liroid 4lotsOi d imia d ilelitirrig I SI IIIIIII I -

filter is nlplr(xiitflcly equal tot he sumn if eleven narrow 'x 1  :::,'
spectral hand filters. ''lhe mean sl)ectral banidwidth AX 11 1 I I
of those filters, is 270 A, and the debltirring rati 1,(I 11111 1:::

.r(A W)I/W ism 1 /20. 111o tIlI vr wE riI m, itI. is lpfss ilIlIe I o syn III -111
Sthesize a tan-shaped type spatial filter toI comp~ensate I U U Li U UU

with the scale variat ion (If the smeared Fourier spectra I
in the spatial frequency plane so that the deblurring L- -- -- -- -- -- -- -- --

* takes place with the entire spectral band of the white-
light source. Since the broadband deblurring utilizes
the whole visible spectrum of the light source, it is
particularly suitable for color image deblurring. Fig. 4. Phase filter mask for MgF 2 vapor deposition.

o15 May 1983 /Vol. 22. No. 10 IAPPLIED OPTICS 1441



14

I where t is t ie ref'rait ive ihIex t f* tliu tIII ing naterial.
This coating thickness is linearly proportional to the
dispersion of t1w llhiint jg wavelength. We note
Ihat i sl rid vly linar conrol or co.tins I ticknesses is
very mential. The advantage of this phase type filter
is to improve the transmission efficiency, since the
overall deblurring filter is, in general, highly absorp-

-.. tive.
In principle, it is a straightforward method to syn-

thesize a fan-shaped amplitude filter. The synthesis
can be accomplished by inserting a slit aperture of a slit
widt It equal Io I lie smeared eiigl h of I lie blrred inmge .* ,
at fhe input plane I , of the white-light oplical processor
shown in Fig. 1. The size of the white-light, source

31-..11 h u i 11, fhiuhly nil ,,111hn r l.heu sj tii c rliheret IC'lShoold ie siderl oniviy rmi l r Ihe sil ,rl e) i I ir Fg rir Iidone. ('fo. rvl1illrirOt I umuxfrm en i r4.regime to. ohlain at minvirid siii c ttr (i.e., minearedI(ertmf,.dhh ihr ' .. ,h,.ai.iInwr.

. : An amplitude filter caIl then lhe synthesized hy simply

.recording this smeared qin factor on a photographic used as a coherent source. Kodak 1:11 tlate is used for
)late. If the film-gamma of* the reco(rded p0late is con- the recording plate, and a (-iin developing time in a'Y.| trolled to aloult untie (i.e., -y = 1), the aimplittude P()TA developer at 240C is tised to conlrol file film

?? transittance or (h e rcorded plate is equivalent Wo that gammao almut uity. I het s)ec ralwaveleiingth hvniLr:" " of the desired fan-shaped amplitude filter. However. are chosen from 4t X)to 70MA. Within the.dynamic

i purolici'e. a faill shaiped lyle mnidiiluh filter is oo., range of Ihe recorditing film, five si(eiIws ofr -tx) i
I hat easy to synthesize due to three )rimary reasons. dynamic range (or a density range of 2.5) are recorded
First, ita very small source size is required for the Ifilter wit It good accuracy. The tal- shaped aililude ilter
synt hesis, it usually takes a longer exposure time, Ihr obtained is tested with satisfactory results.

exiifple, if Kodak 6t11F plate (a low-speed film) is used.
Second, I lie slect ral response of t he record ling Ilate is V. Experimental Results

generally not uniform for all visible wavelengths. The In this section we shall provide a few experimental
recordled filter would producetuneven transmittance in results of image deblurring utilizing a broadband
the direct ion of the smeared color sl)ectra. The effect white-light source. In our experiments, a 75-W xenon

1fe transmittance variat ion o)f the filter woul affect ar" lanip with a 21)0-pm piihole is used as ii broadband
the fidelily of ()olor reprod ichlion and the degree (of white-light source. A phase graling of' 1:10 lines/ram
restoratim. Third. it is dliffctill t, synl litsize a side- wit Ih 25 f. difl'r't ioi effi'ciiicy al each first order dif-
band amplildte tiller, sii'e flu dyiici range of the lr.o'wi'i is used at I lhe inptl plae. An f/8 t.ransforri
"lih-t,,grail fimin is very lionfed, leis wit I :I M)-imin l'wal lenld h is used f;or inu ge Fourier

There is am alelil ive t-tIniqtue ol gvnieralitig a transtformation.
fan-shaped amplitude filter with coherent illumination We shall first demonstrate the effect of the broad-
as shown in Fig. '5. The purpose of using a curved-slit hand deblurring as compared with the narrowhail and

.r, aperture is t) accomm,,iodate the scale variation of the the result obtiie(d with coherent source. For sim-
am)litude filter. The expression of the curved-slit j)licity of iflustrations, we use a set of linear blurred al-
aperture can be written - phabets as input objects as shown in Fig. 6(a). The

r.. smeared length is -41.5 mi. Figure 6(h) shows the
dI,.;X) . r - - ,, - ,, 1) deblurred image ohlained with this broadband (Ie.bilirring tecs.hnique., iii I Ih. sts.traI haidwidh h is -:It(X

where A , is the wavelength of the coherence source, W A under white-light illumination. Figure 6(c) is the
is the smeared length of the blurred image, ( is the focal result obtained with a narrow spectral band deblurring
lv.glh dl' the cylindrical translorm tells, anid X is the filher of -AN = t41 A cet u'rdid at 6:29 A. Figure 6(d)
wsivelcogi I of' e1 whilc-lighl slilirc(. is I lie dehlurred iiaigo'e iihiaiied with ii I h, Ne coi irvi

'I'l ,',rr,.s ,iosiuttig Fotiri,.r Iriisf',orialiti of Ilie stlirc'. hi I lhe c(ollpairisll o' thlse resulls, we see that

curved-slit aperture can he shown as I he results obtained wit h a broad spect ral band white-
light source offers a higher deblurred image quality; for

:n- .) .A - - p,,' , (14) example, the coherent artifact noise is substantially
"".2w suppressed, and the dehlurred image appears to be

where * denotes the convolution operation, sharper than the one obtained with a narrowband
It is clear now that a photographic recording of the case.

spectra shown in Eq. (14) would produce a desirable We shall now experimentally demonstrate the ca-
fan-shaped amplitude filter for deblurring. In synthesis lability of the white-light technique for color images.

r.-7 of this broadband amplitude filter, a He-Ne laser, with Figure 7(a) shows a black-and-white color blurred image
a rotating ground glass to reduce the artifact noise, is of a building due to linear motion as an input color

1442 APPLIED OPTICS I Vol. 22. No. 10 / 15 May 1983
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* object. From this figure we see that the white windowD F ~ Nframes, the front doors, busqhex. two white l'IM-1111, treeq,
U ___e(t. tire severely smeared. Figure 7(b) shows the de-
~ v r E blurring result that we have obtained with this white-S T T S T A T EU light processing technique. From this figure, we have

seen that the color reproduction is rather faithful and
(a) 0)the deblurred effect is spectacularly good; for example,U the window frames, the bushes, the beams, the front

doors, the trees, etc. can be clearly identified.
We would now provide another more striking exam-

~- g~~* -- ple of the color image delilirrig wit h I his white-lightPENN PENN UV provsiiig technique. Figure 8(a) shows a black-and-
white linear-motion blurred picture of an F-16 fighterSTATE S TATIE plne. The body of thiN fighuter pinni iW paited i
linci-id-wle colors, the wings tire mostly painted red,

10) ( d) the tail is blue-and -white, and the ground terrain is
* Fg. .~c-n'd nhigc-rts,~r~ioi o ihwora r:NN8TAlV-(~) generally a bluish color. Fromt this figure we see that

Nnt'alred iniage, (h) deblurred iniage obtained with broadbannd the letters on the body on one of the wings nd on this
white-light eoo)rce, (c) dehloirred imauge (,IpIJilId with narrow s4ie-tral side of the tail nre smeared becyond recognition. Tlhe
hand white-light source, and id) deblurred image obtained with co- details of the missiles at the tips of the wings are lost.

j hberent source.-

UU

24

(a)
(a)

Jn

(b) (b)
Fig. 7. Continuous-t(,ne color image deblurring: (a) alack-and- Fig. 8. Color image deblurring: (a) a black -and -white picture ot a
white picture of a smeared color photograph of a building, Mb a smeared color image of an F-16 righter pltane, (h) a black-and-white

black-and-white picture of the deblurred color image. picture of the dehiurred color image.

15 May 1983 /Vol. 22. No. 10 /APPLIED OPTICS 1443
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, The star symbols at the tail end of the body and on the phase filter is synthesized by optical coating techniques,
lop of t he wings are hadlv distort(ed. The fealtires qf while Ihe fni-llhaled nl'plillide filler iS ohlnined hy a

- ground terrain are obscurcd. Figure 8{h) shows the 1-1) coherent prti'essing lechiutUe.
S" color image deblurring result that we have ohtained By comparison of the results obtained by the broad-

from Fig. 8(n) with the prooibsed while-light debhrring hand image dellurring with the narrow spectral hand
technique. From this deblurred result, the letters and coherent techniques, we have seen that the results
USAF on the wing and YF-16 on the side of the tail can obtained by the broadband deblurring offer a higher
be clearly seen. The words U.S. AIR FORCE may be image quality. We have also shown (hat the broadband
recognized. The star symbol on the wing can he clearly deblurring technique is very suitable for color image
identified; however, tle one on the body is rather ob- deblurring. We have provided several color image de-

" scured. Undoubtedly, the missilcs at the tips of the lurring results obtailed( by the broadband dehltirring
wings can be seen, and the pilot in the cockpit is quite technique. From these color deblurred images we have
visible. The overall shape of the entire airplane is more seen that the fidelity of the color reprodiuction is very
distictive than ihe blurred one. Moreover Ili river, high aid the qIality ot lelhirrd ioiag(" is rthelr go od.
the highways, and the forestry of the ground terrain are Although there is some degree of color blur due to
far more recognizable in this deblurred image. The chromatic aberration of the transform lenses, it can be
color reproduction of the deblurred image is spectacu- eliminated I)9 utilizing higher-quality achromatic
larly faithful, and coherent artifact noise is virtually transform lenses.
nonexistent. There is, however, some degree of color Further improvements of the deblurring can also he
deviation inherently existing in the deblurred image. obtained by utilizing a blazed grating to achieve a higher
These are primarily due to chromatic aberration and the smeared spectral diffraction efficiency so that a wider
antireflectance coating of the transform lenses. Nev- spatial band deblurring filter can be used to achieve a
ertheless, these two drawbacks can be overcome by higher degree of deblurring. Finally, we would like to

-.. utilizing good-quality achromatic transform lenses. A point out that the utilization of higher-quality achro-
research programn is currently underway to investigate matic transform lenses and a blazed grating for the
this effect. Furt her improvement of the deblurring can broadband image dehlurring techmni(tue is currently
also ie accomplished by utilizing a blazed grating for under investigation.
high diffraction efficiency and a broader spatial band-
width of the deblurred filter for a higher degree of de-
blurring. These two problems are also under current We acknowledge the support of the U.S. Air Force
research. Office of Scientific Research grant A FOSR-81-0148.
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ElICTRlICAI. ENGtNITiRING IlTrAk I MUNK] -- THE PENNSYLVANIA STATE UNIVERSITY
flnn'ersiy Park. PA 16802

WHITE-LIGHT DENSITY PSEUDOCOLOR ENCODING

WITH THREE PRIMARY COLORS
F. FT. S. YU.X X (iIFN T.H. CHAO

MOIS c'Li.S*: KEN WORDS
Traitement des images Optical processing

-. Pseudocouleurs Pseudocolors

* I Images codies par trois coualetars primaires

SUMMARY A technique of generating density pseudocolor RtSUMt On d6crit une m~thode de codage pseudocolork avec
encoding with three primary colors using a white-tighl optical trois coulcurs primaires; en utilisani un procct%ur optique en

processor is describcd. Spatial encodings are made with positive, lumnifre blanche. Le codagc pscudocolori est fait en iltrant par des
t. negative, and product of positive and negative photographic- 6crans colores les spectres de transparents photographiques.

image transparencies, and the pseudocoloring is obtained by color Le procidi Cst simple et ii permet des application% varies dans dc
versatile, and economical to operate that may offer a wide range defauts bien connus des images en lumiere coherente.

* of applications. Since coherent sources are not utilized, the color Queiques exemples montrent Vl'eticacite de Ia methode
coded image is free from coherent artifact noise. Experimental
demonstrations of this density pseudocolor encoder are provided.

Most of the optical images obtained in various ed. however there is a spatial resolution loss with
scientific applications and usually gray-level density the half-tone technique and number of discrete lines
images. For example. scanning ejectron microscopic due to sampling are gencrally present in the color-
images, multispectral band aerial photographic ima- coded image. A technique oif density pstielcoloritig
ges. x-ray transparencies, etc. However, humans can through contrast reversal was recently reportcd by
perceive in color better than gray-level variations. In Santamaria er al. 151. Although this technique offers
other words, a color coded itmage can providle a the advantage over the hiaiflogici lechulitie. tile optical
greater ability in visual discrimination, system is more elaborate and il requlires bh' 11nco-

In current pracuie. most of the pseudocolorings berent and coherence souirces. Since the coherence
are performed by digital computer tcchnique 111. If source is utilized, the coherence artifact notse is
Ihe images are inilially dligitized,. the compuiler tcch- una~ivoidable.
niqtae may he a logical choice. Ilowever, for comti- More receldy a1 denlsity pseuiuloi etictiig
flhotis totne images. optical color encoding tech- uising a wlhile-Iight processitng tecliititic %%;i% repoirted
nique J2] would be more advantageous for at least by Chao, Zhuang and Yu 161. This technique offers
three major reasons :first, the technique in principle the advantages of coherence noise reduction, no
can Orescrvc the spatial frequency resolution of the apparent resolution loss, versatility and simplicity of

* image to be color coded. second. the optical system system operation. and low cost of pscudocoloring
is generally e~asy and economical to operate; third, Although excellent results have been reported by this
the cost of an optical pseudocolor encoder is gene- technique, however pseudocolor encoding is primarily
rally less expensive as compared with the digital obtained by means two primary colors. We shall, in
counterpart. this paper, extend this white-light pseudocolor encod-

Density pseudocolor encoding by halftone screen ing technique for three primary colors. There is
* implementation with a coherent optical processor however one disadvantage of this proposed technique.

was first reported by Liu and Goodman 131, and later it is still not a real-time pseudocolor encoding tech-
with a white-light processor by Tai, Yu and Chen [4]. nique.

*Although good results have been subsequently report- We shall now describe a simple white-light density

%-.
%.~ - ~
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pscudocolor encoding technique for three primary We shall now bleach the encoded transparency to
colors. We assume that a x-ray transparcncy (called obtain a surface relief phase object 17, X1. We assume
a positive imagc) is provided for pscudocoloring. By that the bleached transparency is encoded in the
contact printing process, a negative x-ray image linear region of the diffraction efficiency D iersus
transparency is made. Let us now describe a spatial log-exposure E curve 1X. Thus, the amplitude trans-
encoding technique to obtain a three-gray-level- mitiancc of the bleached transpai-cncy can be written
image encoding transparency for the pscudocoloring. as
The spatial encoding is performed by respectively
sampling the positive, negative, and the combination (3) (x, Y) = exp[iO(x, A)],
of both (i.e., the product of positive and negative)
transparencies onto a black-and-white photographic wherc 4(x, t) represents the phase delay distribution.
film, with specific sampling grating frequencies orient- which is proportional to the exposure of the encoded
ed at specific azimuthal directions. To avoid the film 19), such as
Moire fringe pattern, we shall sample these three (4) 0 (x, y) M { T,(x. )-)I + sgn (cosp1 y)
images in orthogonal direction with different specific
sampling frequencics. as proposed in figure 1. As an + T,(x. 0)[1 + sgn (COSP2 X)]

+ 7"3(X, y) l + sgn (cos p. x)] }
COlh-oted Coliloted CoIlimated
Whoe L-q WhOt Lght Whit Lqght Elanded Whte-Lqht

Sl~uso'doi Grotin Smusodai G~oltng S-nvsodol G fing

meg .. a " - h - ' N qot NagaPosilhe P Elut- i oo, rite
i r'GnS~a ,,CV T'QA%9$oe,6*, 'eatlooaremy Transfe0t y Red Cfolo, FIv

"" .- " I ~l u /I 1 1 1 e mgll ('l ( Id tl l. F I f el r . P/ I, "/ -

illustration, the intensity transmittance of the encoded f P,

film can be written is

(I) T(x. y) = K { T,(x.r)[I + sgn (COSp, y))

+ " 2 (x, y)l + sgn (cos p2 x)) IIi. 2. A whivi-hght pmtk'udwn h r

+ TAx. y)[l + sgn (Cosp 3 x)] ,

where K is an appropriate proportionality constant,
T. T2. and T1 are the positive, the negative, and
the product image exposures, PI. P2. and p3 are the where M is an appropriate proportionality constant.
respcctic carrier spatial frequencies. (x. y) is the If we place this bleached encoded film at the input
spatial frequency coordinate system of the encoded plane P, of a white-light optical processor. as illus-
film, ',is the film gamma, and trated in figure 2 then the complex light distribution

due to i(x, y), for every )., at the spatial frequency

(2) sgn (cos x) i, cos x > 0, plane P2 can be determined by the following Fourier
- I, cos x < 0. transformation

(5) S(% , A)2) = t(xy) exp L i (ax + fly) dxdy = exp[io(x.y)iexpL i- (ax + ) d xdy

By expanding r(x, y) into an exponential series, Eq. (5) can be written as

(SO% P(.; ~)= I+ io(x. 3) + .1I[iO4x,yAl, + }expE i L(0EX + I)dx dY.

By substituting Eq. J4) into Eq. (6) and retaining the first-order terms and the first-order convolution terms, we
*.i have:

... %. .. &'.&....L.. t. ." ~ ~ . .~*.
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2 2J

t3( ~±~P 1 ) + 3 ( t ±f f 2
+ + ± L P2.n)t 3( a 3

where tI. T2 and T3 arc the Fourier transforms of TI. T2 and T3 respectively. * denotes the convolution opera-
tion. and the proportional consiants have been neglected for simplicity. Wc noic that. thle last cross produlct lcrm
of liq. (7) would introduce a Moire friiige pattern, which inl the sameu sampling direct ion of ozaiid /), Neverthieless,) all of these cross product tcrms can be properly masked out at thc Fourier plane. Thus by proper color filtering
thle fi rst -order smea red I-ou r-ier spect ra, a1s slIow II i Iijres 3. a M o ire free pseudocolo I coded im age can ite obta.1inled

* at the output plane P3. Thc eorrcsponding complex light field immediately behind thc Fourier plane would be

(8 S(az P) = ja - f .P, + - 2* + t, a + /_

0 2415 film is that it is I low contrast filmt with a rela-
tively flat spectral response. The plot of diffraction

blueColo F iler fficiency vt'rsi.s log-exposure for Kodak 2415 film
at 40 lines/mm sampling frequency is shown in
'ire 4. From this figure, we see that the bleached

Red olo Filer encoded films offer a higher diffraction efficienc1. the
Re oorFle optimum value occurs at exposures 8.50 x 10- mcs.

With reference to this optimum exposure, it is possible
- to optimize the encoding process in the following

M first. preexposuring the film beyond the shoulder
region, second, subdividing the remning epSure
into three regions by taking the account of the trans-
mittent exposures of the three encoded images.

*Stop Band Green Color FilterKoa tSFl
___________ C Bleached

V~ 20 Nnbeca

100

0

!o To T

where A, A, and )*are the respective red, blue, andLoEaorems
green color wavelengths. At the output image plane, I K;. 4. Dn/frw, Iin lfli nir v rll sm Vit tii; r. Ipi%- w i/ii ph itp i
the pseudocolor coded image irradiance is therefore, piUlinr/cId,

(9) Is (x, T,(X. ).) + T2,(x. 3') + T2_________________________

which is a superposition of three primary color
encoded images, where Tl, Tlb. and T3, are the In pseudocoloring, we utilize the Kodak primary
red, blue, and green amplitude distributions of the color filters of No. 25, 47B and 58 in the Fourier
three spatially encoded images. Thus a Moire free plane, as shown in figure 3. A xenon-arc lamp is used

__ color coded image can be obtained at the output as extended white-light source for pseud. lor encod-
plane. H' of figure 2.

In our experiment, We utili7ed two sintsoidal For experimental demonstrations, we would first
sampling gratings. one is 26.7 lines/mm and the provide a gray-level x-ray picture of a front view
other is 40 lines/mm for the spatial encodings. The female pelvis, as shown in igure 5(a). Figure 5(b)
encoding trinsparcricy was made by Kodak tech- shows the color encoded image obtained by the
nical pan film 2415. The advantage of using Kodak white-light pscudocolor encoder. In this color coded
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imige, thc positive image is encoded in red, the
negative iniage is encoded in bluc. and the product
transmittance of the positive and negative images is
encoded in grcen. From this figure, we see that a
broad rangc of pscudocolor encodcd dcnsity can be
perceived, and the color-coded image appears free
from coherent artifact noise and Moire fringes. The
patient of the x-ray picture appears to have suffered
from a surgical operation, where the bore and point
hardwares can be seen. A section of the bone, between
teh sacroiliac joint and spinal column, has bcn
removed.

It may also bc interesting to nolc that a reversal
of file color enco(iiug can e caily obtained by this
white-ligh n scudocolor encoding technique. as shown
in figur(' 5(c). In this figure. tie positive. image is
encoded in *blue, the negative imagc is encoded in
red. and the product transmitlance is cncodcd in
green. From this figure. again we see that a broad
range density pseudocolor encoded image with diffe-
rent color textures can be obtained. For example the
air pockets in the colon of the patient in figure 5(c)
is much easier to be identified. In concluding this
paper, we note that a wide variety of pseudocolor
encoded images can easily bc obtained by simply
alternating the color filters in the Fourier plane of
the white-light processor. The proposed white-light
pseudocolor encoder is economical and easy to
operate, which may offer many practical applications.
There is. however, one disadvantage of this technique,
it requires a spatial encoding process. Therefore,

(h) it is not a real-time pseudocolor encoding method.
We acknowledge the support of the U.S. Air Force

Office of Scientific Research Grant AFOSR-81-0148.
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*Coherence measurement of a grating-based white-light
optical signal processor

F. T. S. Yu, F. K. Hsu, and T. H. Chao

A two-Iiea hii .rlert re(' telhlil( .I'r ch(erence nii.casr'ti ent ii Ih Foirihr plat,, of n grit ing.hased

whit'-light optical signal o rt essor im preseol'td. TIh. visiluiliv .n'asurvnuunl is ohlined with it su,,oing%" -

pholhuneter at the otil put plane of the processor. The degice of coherence its i futcllion of slit separationt,
"lue to s4ource 'iXe, input 0l)jetr.. ize, ad the RI)atisi frequency oif the snmpling grit ing, ik plou rd. The re-
stilts show that the degree of coherence increases as the spatial frequency ofthe sampling grating increases.

* However, this improvement of coherence is somewhat more effective in the direction perpendicular to the
light dispersion. Thus, this white-light signal processing technique is more effective in one dimension.
Since this white-light processor is capable.of processing the signal with the entire spectral band of the light
source, it is very suitable for color image processing.

I. Introduction tially coherent mode in the Fourier plane as a partially
Itt the 1930s, work )y Van Cittertt and later by Zer- coherent processor instead of an incoherent pro-

nike" drew attention to the study of partial coherence. cessor.
They have shown that the spatial coherence and the In this paper we shall describe a dual-beam technique
intensity distribution of the light source form a Fourier for coherence measurement in the Fourier plane. We
transform relationship. More recently, the work of shall show that a high degree of coherence can be ob-
'T'hompson : 5 I has demonstrated a two-beam interfer- tained in the spatial frequency plane such that the sig-
ence technique to measure the degree of partial coher- nal can be processed in complex amplitude for the entire
ence. I ht hes shown that, tnher qtai-,tnohrouat ic spectral band of the while-light source.
illulmination, the degree olfslalial coherene is (lelpCn- II. White-Light Optical Processing Technique
dent on the soturce size and the distance Iltween two
arbitrary points. 'he degree of temporal coherence is With reference to the schematic diagram of Fig. 1, the
however dependent on the spectral bandwidth of the white-light optical processor is similar to that of a co-
light source. He has also illustrated several coherence herent optical processing system, except for the Ilse of
measurements that are consistent with the Van Cittert an extended white-light source, source encoding mask,
mode in the Fourier predictions. signal sampling grating, and achromatic transform

We recently proposed a grating-based while-light lenses. By the Wolf partial coherence theory,9 the
optical signal l)rocessor.', 1 We have shown that the out)ul intensity distribution call be obtained by the
white-light processor is capable of processing the in- following integrating equations'(:

.-. : formation in complex amplitude like a coherent pro- ,
cessor, and at the same time it suppreses the coherent i(x',y') = ,f ,ff Y(xo,yo)

. artifact noise like an incoherent processor. In other i ..
""*. words, this white-light processor is operating in it par- . J X 1x4 + y - " p~,,.vio 4 11 I I)

% X exp~- -, (x' +Y'

.. __ _•__dvdf dxuvly ,I, 11,

T. H. Chao is with University of Utah, )epartment (of Electrical where "(x0,Yo) is the intensity distribution of the source
Engineering. Salt Lake City, Utah 84111; the other authors are wit h encoder at the source plane (xo,yo), S(aI) is the Fourier
Pennsylvania State University, Electrical Engineering Department. ectr o the iut sina (xv), Po is the anur

-nier.t Pak nnyvis182 spectrum of the input signal s(x,y,,), Po is the angularP 1University Park, P'ennsylvania 16802.

vI,.ived 5,111y 198:. spatial frequency of the grating, f is the focal length of
... N3.9):tI-:ls/.020:3;:t:1-.8$,)2.(M/. the achromatic transform lenses, II((ji) is the complex

to' 1984 Optical Society of America. spatial filter in the Fourier plane, tj,, are the lower
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Fig. . Grating-based white-light optHl signal processor: "'(xovn),i
ye i Y t . - i t

source encoding mask; L. achromatic transform lenses. to) Input Plane IbI ourier Plane

Fig. 2. Visibility measurement along the i directionq: D, input slit
U , width; d. mean slit separation; An. mean wavelength ofthe light source;

and tipper wavelength linitq of the light moilrc.P, ind pi. nny.'lnr slmtini fre'egiwiicv oi i, .mimj.Iilng gri jog.

(a,/I) is the spatial coordinate system of the Fourier
plane.
-"In optical signal lproemi4ng, a se t of N narrow discrete ceser, we prolpe I i dual-hean interference technique
spectral band filters H,, (y,,,,1,! over the rainbow color for coherence measurement in the Fourier plane. For
of Fourier spectra are used in the Fourier plane. Each simplicity, we would however measure the degree of

- of the spectral band filters is limited by a finite spectral coherence in the f and in the a axes independently.
.,..-* bandwidth that can be approximated by the following

-,equation. 8: Coherence Measurement Technique
We shall now describe a visibility measurement

.-. ' AX - X_, Po >>,&p. (2) technique to determine the degree of coherence in the
P0 I0 direction in the Fourier plane. For simplicity, we

' where Ap is the angular spatial frequency linit, of the shall utilize a narrow slit as a I-D object at the input
input signal in the x direction, Pa is the angular spatial plane as shown in Fig. 2(a). The complex light distri-
frequency of the sampling grating, and k is the center bution in the Fourier plane would be
wavelength of the filter H0 (a. ,0.. Since the narrow (D (
spectral band filtered signals are mutually incoherent, E(a,.;) Clsinc \f- # *a -pI
the output intensity distribution of Eq. (1) can be 21

written as where C represents an appropriate complex constant,
D is the slit width, ( is the focal length of the achromatic

(x 'X') F . (X', KY0,1 transform lens, po is the angular spatial frequency of the
-'; .,,. .,*,,,-.v,,,, I-, lphise silnmliIg gralting, and * dellotes the convolution

: L) - '. , ,X operation.+-"2w It. is cler that . 4 describes a fan-shaied smeared

X .x 2w (xf +v1) td12 dxda ) Fourier spectrum of the input slit, for which the scale
A X exp- - x'a +v$'1ddBdxododA. 131 of the sinc factor increases as a function of the wive-

length X of the light source and decreases as the size ofW e c E o ) s athe object D (i.e., slit width) .acreases. To increase the
white-light signal processor is indeed capable of pro- efficiency of the coherence measurement along the 3
cessing the signal in complex amplitude for the entire direction, we woul use a pair of slnted narrow slits at
spectral band of he light source, and it is very suit e aile the smeared Fourier spectra, as illustrated in Fig. 2(b).
for color image processing. From these two equations, The angle of inclination of this pair of slits should lbe

Swe also see that the degree of coherence is governed yits,
the source encoding mask "y(x0,y(I), the spatial fre-
quency of the sampling grating pit, and t he spatial fre- " _ (!,
qiency hnil if Ihe input signalAp. inotdher words, lie wt4 t,,.... :""..so ulrce encoding fulnction is to inmprove the dlegree of wh re d is the m enln slmiratlioll o' 0tv slits, A,J is tie

spatial coherence at the input plane and the signal mean wavelength of the light source, and Po is the an-
" sampling grating is to increase the degree of temporal gular spatial frequency of the sampling grating. The

coherence in the Fourier plane, so that the signal pro- filtering function of this pair of slanted slits can he
. .. ,cessing can be carried out in complex amplitude at each written as

narrow spectral band filter.
J It is not hard to see from Fig. I that the signal spec- Hln0,o) a60- )+ A + df 0  (6)

trum is dispersed into rainbow color along the a axis in 2X2X 2r

" the Fourier plane. The improvement of the degree of The output intensity distribution can be shown as
. coherence is expected to be more effective in the 3 di-

rection than in the a direction. In devising a coherence I(x',y') - 1 + cos(2wdx')l, (7)% measurement scheme for this white-light optical pro- where K is an appropriate proportionality constant.
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Sapln
X Sarating Narrow Tlo investigate the degree of coherence variation in

Gratig s t the (Y direction. again we insert a narrow slit aperture
as an Input olbject b~ut. parallel to t he sanipling direction
of the sampling grating, as shown in Fig. 3(a). The

Sto

Slo I P smeared Fourier spectra can be shown as

E =y#A sin r -M ~ Po4) (9)
Slit

wicht dlescribes a narrow smeared rainblow color spiectra
along the (Y axis. For the visibility measurement, a pair
of narrow slits is inserted at the Fourier plane perpen-
dicular to the a axis and centered at a = Xtofpo/(27r), astot Input Plane ()Fourier Plane shown in Fig. 3(b), where X0 is the center wavelength of

Fi. :11. Visihilit , *nsu renin I nit Ilng I lit- to, (Iiret ion: I),illpt illk the light. source and f(is the focal length. The filtering
Wit hO 1Ii. lit M-polsmnI ifII In o cI, i el I iii itin .f if,( I mirt if mrri Ii IAb; fun oi (i tof O N i patir of'sitLt it he written ant
A0, mean wavelength of thie light source; po, angular spatial frequency

of the sampling grating. H(cr,# =- tP- +hf+t - ( 10
Ekilt iii (7) reltresviits an m ti fIg III t
due to this entire spectral hand of the light source. where It is the separation b~etween the slits. Again with

£ ~~Strictly speaking, all practical white-light sources are thasupinoasqrelgtorcheuptin
I -extended sources. For simplicity of illustration, we tensity distribution can be shown as

* assume that an extended square source is used in this
white-light optical processor. Thus the output inten- I£.')- rectrc(3)sity distribution can be written as ()A 1 )

W.' ff .reel-' reel'_'in - D (Y+ Xo) sor--po. +Y

I Ix'. . J - £ 2 -i W7D( A
Af 2w2A

1~ where j H(YA~3 is defined in Eq. (10). From this equa-
*Hn I)eu-i -j('A +sf ap~xdoA tion, again we see that the degree of coherence in the a

where H~~l sgvnb q 6,direction is dependent on the source size a, the objectH~a,) isgivn byEq. 6),size D, and the angular spatial frequency Po of the
recl (Ln) A 11 . xol :5 a/2. sampling grating.

0 0. [1,. '> n/2.
and a is the dimension of the extended light source. IV. Experimental Results
From the above equation we see that the visibility (i.e., The optical setup for the measurement of the degree
(l4-grev it of ie'rvitce)l is depiideent. oin the Hstirce i (to of, ol e~lrettce hi the lFourier platie it graliatg-lasecl
the ob~ject size I) (i.e., slit width1), and theo angular spatial white-light. optical processor is shown in Fig.4'. Tlhis
frequency p of the sampling grating. setup utilizes the principle of a dual-beami interference

Setounrhcedrcio:~x~y) ouc n
LEncodinodngas;a suc sz;I) nutsi sz;L

achromaticd tr ns or le seiHano ar fsl nI'a
~~~~~ .- .. -.1



IN'"g , 1 i ,11 I. e llt-visihility i hitl..r. Il',wevr fll. lverall
- ' .o, - - i,,il,sily ,,f 04. si(a,, r,.,I F,,,,rier sp,cilra (hecrea me.

It N This pietinenim is priiirily td io I lhi fiite lJecl
al 0.04.. '31" size under i uniforn source sime illuniuation. Fur-

.16~~,. ~ b ~z' ~..saeiZ - thermore, if the source size a is further increased, for0 -o.10 example, exceeding 1.0 mm in Fig. 5, the decrease in
Z0 0.Qo.,07 -oherence due to the source size is not apparent. This

0.2 r is primarily due to a comparable broader object size D
04 (e.g., D = 0.6 mm) compared to a narrower sinc factor

" \ derived from source size a. Nevertheless, if the input
=2 slit size further decreases, the changes in degree of co-

- I oa. Vherence for large source sizes can be seen.
• -:" ! " e~We shall now provide a set of out put frinige patterns

0 with a set of normalized scanied Ihotl-nieer traces as
0 o O 1 44 ?l P s 360 dr )

- .... ... .. . .. . .. shown iii Fig. 6. 'rlI .friogie ilItA.riM. -'f Itgs. i ;(it) (c)
0 346 692 1039 34 730. Is *d.A./,m) were taken at visibilities of 0.88, 0.68, and 0.08 that

j Fig. 5. PIds of degree of coherence hlng Ihe 0 directinn as a f ,rn- correspond to the mean separations d = 0.36,0.72. and
,'I- ioni iif mean slit s(eparai ito d ieor vairii,h f sm ar, , .. ht 1.41 in mit l.p s a, c, nd ' indicated oit the mlatin lobIe

- d/(A), the mean slit separation in spatial frequency. of the plot a = 0.4 mm in Fig. 5. Figures 6(d) and (e)
were taken on the second lobe of the visibility roap-
pearance that correspond to points d and e in Fig. 5.
The degrees of coherence at these two points are 0.42

technique for coherence measurement. The output and 0.15, respectively. And the corresionding mean slit

* .'. £ interference fringe pattern can be traced by a linear separations are 2.16 and 2.52 mm. Figure 6() was taken
scanning photometer and displayed on an oscilloscope on the third lobe visibility at point f. The degree of
for the visibility measurement. In the experiment, the coherence is 0.3 and the mean slit separation is 2.88

photoneter is made by mounting a photomultiplier on Lne.
the top of a motor-driven linear translator. Since it is Let us now investigate the degree of coherence as a
a I -D fringe pattern, a narrow slit can be utilized at the function of mean separation d fr various input object
input end of the photomultiplier for the visibility sizes D (i.e., slit width) as plotted in Fig. 7. Again, we
measurement, i.e., see that the degree of coherence decreases as d increases.

Further increase in d also causes side lobes to reappear.
- "", (12) In this figure we also see that the degree of coherence

In... + I n, increases as object size D decreases. Finally, Fig. 8
whe.re I,... antd I ..... are Ihvi maxintam and miniin1 shows the visibility meastire as a I t.lit n of iittmen
ilviisil .s of 1lit- Iriogrs. NcdhlsS. toh say 1hat Ih(- vis- Slarifioi (I for two values of saimpliug grating
ibilitv of the fringes is in fact a measure oft he degree of frequencies. From this figure we see that the degree of
coherence measmrnment. ' i.e., V = 1, where -y is the roherence is dramatically improved in I1,, Fourier plane
complex dhegree of coliereice. by the insertion of* the sampling grat ing.

In the following we shall illustrate the visibility (i.e.,
coherence) measurement in the / and i directions in the B. Case I: Coherence Measurement in the aY

Fourier plane. Direction
-- At this stage we shall now measure the degree of co-

A. Case I: Coherence Measurement in the herence in the (Y direction in the Fourier )lae. The
Direction measurement technique is essentially identical to that

We shall now describe the coherence measurement of Fig. 4, except the input object is replaced by a pair of
,. in the? (diretin s illustraled in Fig. 4. We shall show horizontal slits as shown in Fig. :1. lit coherece inca-

that the visibility varies as functions of mean separation surement, we centered the pair of slits at the center of
d of the pair of slanted slits, source size a, object size D the smeared Fourier spectra corresponding to A = 5461
(i.e., slit width), and spatial frequencies of the sampling A.
grating. Figure 5 shows the variation of the degree of " Figure 9 shows plots of degree (f coherence as a
coherence as a function of main separation d for various function of slit separation It for various values of source
values of source sizes a. From this figure we see that sizes a. From this figure we see that the degree of co-
the degree of coherence decreases as the separation d herence decreases as h increases. Further increase in
increases. Further increase in d increases the real)- h again causes the reappearance of the visibility side
pearance of the coherence. Still further increase in d lobes. However, the degree of coherence is generally
causes the repeated fluctuation of visibility. In this not affected by the variation of the source size a. Figure
figure, we also see that the degree of coherence increases 10 shows a set of the visibility fringe patterns that we

* as the source size a decreases. There is an interesting have obtained in the output image plane. This set of
phenomenon in this coherence measurement. We see pictures was taken at points a, b, c, and d as shown in
that as the source size a decreases further, the reap- Fig. 9. The corresponding degrees of coherence are

336 APPLIED OPTICS / Vol. 23, No. 2 / 15 January 1984
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Fig. 6. Samples of fringe ,isihilily patterns atIhe output planc. The upper portion of (a)--(f).shows the fringe visibility patterns. The lower
Sport ion sh4 ws Ithe correspond ing photometer traces. In these experiments, the fringe visibility and the spatial frequency weevaried by cagnwe by changing

,-,, the mean separation distance d between the two slanted slits. (a)-(c) were obtained at points a, b, and c on the first lobe of Fig. 5. These
0. figures show the decrease in fringe visibility and corresponding increase in spatial frequency as the separation d increases. (d) and (e) were
r. obtained at 'oints d and c on the second lobe of Fig. 5. These two figures nsoshow the increase of spatial frequency asd further increases.

(f) wa olained at point f on the third lobe of Fig. 5.
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30" 171 t~0.76, 0.50, 0.14, and 0.05. The r. lswctive separatiois
.,are h - 0.36,0.72, 1.44, and 2.16 mm.

-". We shall now plot the degree of coherence asa func-
0'"0- o Iion of It for various values of ohjcl sizes 1) (i.e.. slit

,O ,.s . P*.3S widths D) as shown in Fig. 11. From these plots we see
A, '.1 ..11.01 a3f that the degree of coherence decreases as the object size

0&. !) increases. Figtire 12 shows the varialio of coherence

* Idue to spatial frequency of the sanipling grating as a
": vI/"function of slit separation I. From this figure we see

insertion of a high spatial frequency grating in the input

We shall now brielly discuss the overall effect of co-
Sherence in the (a,#) spatial frequency plane. By com-

a 072 144 ?11 268 3 0 dl- I paring the vi.%ibility mensureinetil of Fig. 5 nnd 9. we
0 .4ecC that. ihe degree of cohcreoce stilshtailly increases
S 34 6 652 ,036 134 1?.30 *, od/.fI4=,et) in the 11 direct ion as I he sotirce size decreases. There

Fig. 7. Plohtsofdegreeofcoherencealongthe#direction sa funt- is, however, no significant improvement in the a di-
ion of mean slit separation d for various values of input slit width rection for smaller source sizes. Although both cases

D. show the increase in coherence for smaller object sizes,
.. . 1 17 however, the increase in coherence is higher in the P

1. -,direction compared with the a direction, as shown in
Figs. 7 and 11. With reference to the plots of Figs. 8 and
12, both cases show significant improvement in the

o degree of coherence with the insertion of a sampling
.'° grating. However the improvement in coherence in the

0.o ,- /0 direction is somewhat higher than in the aY direction,
06 D" 'i ;~odue primarily to overlapping of the smeared rainbowo '" __ -s3s ,m Fourier s4pectra.

0 04 \ 4 / . ,. To summarize these observations, we stress that the
/ '\ ( grating-based white-light optical signal processor does

"o 02 /improve the degree of coherence in the Fourier plane.
a' 0 Although the higher degree of coherence is obtainable
i, in both spatial frequency directions, the coherence

0 [ improvement in the fl direction is generally higher.
0 a , P 1 2 16 26s s 6o d(-- I -hus, the white-light optical signal processing tech-.- I Thus th •ht -ih • -. , . . .

0 346 632 1030 1364 1730 f-d/t.f(tee I nique is generally more effective in the / direction than0 5 6a ,SS $e I O f-d/~ff/0 in the (r direction. We note that this el'l'ect (:aIi be seeni
Fig. 8. 'lots of degree oI coherence along thed direction as a func- in a rect on ineat tio olor cimae sen
tion of mean slit separation d for two values of sampling grating fre- in a recent paper on linear motion color image de-

quency po. blurring."

S":- !,V. Conclusion

We have devised a dual-beam interference technique
. 060,,m to measure the degree of coherence in the Fourier plnne

09 Do., 6MMe, i a grating-based white-light optical signal l)ro(e('sslr.
0 b .36 Me, The effect of coherence variation due to source size,
'' )1,.-546l input object size, and the spatial frequency of the

• . b / sampling grating is plotted as a function of distance in4-42
0-0 4,, the 0 11 ti (lire(ctions cf the F(mIitrier Ilati'. We have

04" ... 0_ oshown that the degree of1 cler('nce increases s the[.~~0 1 ,O ffi O"

spatial frequency of the sampling grating increases.C"c Although the improvement in degree of coherence in the
//*., d Fourier plane is quite evident, the improvement in the

f direction (i.e., the direction perpendicular to the light
0 07....... 6.6 - dispersion) is somewhat more effective than in the a
0.. 0,_ .... 44 2 1, 2 , Be __0 direction. The results indicate that this white-light
0 346 692 103,9 34 ,730 f.hA.f(.tmm optical signal processing technique is somewhat more

" Fig. 9. Plots of degree of coherence along the a direction as a func- effective in the # direction than in the a direction.
tion of slit separation h for various values of source size a. f. = hl Nevertheless the existence of the high degree of coher-

0,o/), the corresponding slit separation in spatial frequency. ence in the Fourier plane allows us to process the in-
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respni(ling intensitY profiles. (a) nmi h) were ltnined at lointso nd bon the first lobe f Fig. 9. (c)was ohtnineIitloitconlhesecond
% 4111e of Fig. 9, ated (d) wnS ohudtnied tit Ixint. d on the third loe I lig, 9.

to.

* 0,

1 0a 0. 0 4mm
" 00.MM 36/MM 0.04MM

06 o, o . 3,-1/m ,- -. o6MM

W~ .54946(0

00-0 .MM -e

0 
04

A-. o ! I , \ v "_- ,
0 re ~m

%-qk 0 0!2 1 44 2 16 Zee0 360 h(
m
-

)  
,, "" '•

I'' , - *' I . . -- a 346 692 tO30 1304 1?30 toe f{1m0 S46 62 1 0 3 13 04 1' ?0o fh/0
/
m
m 

I Fig. 12. Plots of degree of coherence along the a direction as a

Fig. 11. Plots of degree of coherence along the a direction as a function of slit separation h for two values of sampling grating fre-

I'. function of slit separation h 'for various values of object size D). quency po.
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tfioriviai itn in compiilex sIiisili a'l raaltlwr (ban i in-

sity. And the whi Cc-lIight lprtKC.ing tech niq te is very
suijl able for color signal processing.

We acknowledge the suptort of the U.S. Air Force
Office of Scientific Resenrch grant AFOSR-81 -0148.
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RESTORATION OF OUT-OF-FOCUSED COLOR PHOTOGRAPHIC IMAGES

XJ. LU and F.T.S. YU
Elec trical Engineering )cpartment, 7he Pennsylvania State University,
University Park. 14 16802. UTA

Received 14 March J983

A method of deconvoluting the defocuscd color photographic images utilizing a white-light processing is described. In
the white-light processing, a diffraction grating is used to provide three primary color light sources for the color image

a restoration. Three complex inverse fdtcrs, for each primary color, are used in the Fourier transform plane. Experimental
demonstrations of the color image restoration of defocused photographic images arc given.

I. Introduction 2. Defocused color intage restoration

Restoration of blurred photographic images has With reference to ile optical liiicc.seir or fig, I.

i* lIoig been an interestirig aliplicatiotn in optical signal there are three primary color point sources derived
processing if -81. We have in previous papers 1(-) 21 from a white-light source. The inlensity distribution
presented a white-light processing technique for tin- of these three primary color point sources can be
early smeared image deblurring. We have shown that represented by the following equation
the white-light image deblurring technique is capable (a, 0, ?X) 

= Kit cirj(G 2 + fi2 )ll2/,il I
of suppressing the coherent artifact noise and is suil-
able for color Intage deblutring. I lowever the results K cir ((a + XR fpl)2 + 02)112 IR I
that we had oblained were primarily restrictcd to
bhluled tie to llleat Imotion. +K G cirl((a - AC

In this paper, we shall extend the white-light image fp')2 +0 2)1 2 /dt; 1 (1)

restoration technique to Iwo-diniensional image de- where cirIXI I, IXl < I, and 0 otherwise; (or, ) is
blurring. We shall utilize a white-light.sourcc for the the spatial coordinate system of platt I't2 P0 is the
restoration ol the otit-of-fticused color photograph spatial frequency of the diffaction grating, 7'(x).f
images. The proposed color image restoration tech, is tIhe focal length of ile achioniatic transform lens,
nique includes three primary color sensitivc inverse KB, KR, KG are the proportional constants, d, dR,

h - filters, as shown in fig. 1. In this figure. a high diffrac- te; re diameters of the pinhole%, and11 ) A., N ;
tion efficient grating is used at plane 1O0 to produce are the center wavelengths of the blue, red, green spec.
three orders of smeared color spectra at the back tral bands of the light sources. respectively. lor red
focal plane P02. Three pinholes (one with a blue filter) and green point sources, the center wavelength of
are properly placed over this set of spectral lights, to each spectral hamd would be

1 ' produce three primary color point sources (i.e., spat-ial smll atpaePX=/fP o (2)
ially small) at plane P0 2. In the Fourier transform
plane P2, three color sensitive inverse filters are used which is determined by the position of the pinhole

' for the restoration, and the deblurred color images at ci axis. The corresponding spectral bandwidth AX
can be seen at the output plane of the optical proces- of the point sources can be written as
qor.

278 0 030-4918/83/0000-0000/S 03.00 © 1983 North-Holland
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Table I plitude spectrum of a circular aperture of a given diam.
Relationship or size. spectral bandwidth and spatial coherence cter using a I Ic-Nc laser. Since the scale ol thc spec-
lenth of tdee color sourcs. trum is proportional to the wavelength, the diameter

--, , (A) d (Jm) & (A) K R (mam) of the circular aperture should be properly fittedx_(A) d__ _pm)__ x_(A)_K_ _ (MM)with the color wavelength. In other words, the diam.
6301) 400 290 0.32 (1.1 clcr for the rcd amnplitude filter should be smaller
red 1.22 0.67 than the green auiplihd fille . and Ihe diamcler l'o

200 140 0.32 0.35 the green filter should be smaller than the blue. For
12 1.5cxamplc. if ihc diameter of the circular aperture for

* 550(1 400 290 11.32 0.15 red light is laken equal to 0.5 Im. then the diameter
70 120 1.22 01.36 (f the apcrutirc for the green should be 0.58 nn, and

170 120 0.32 0.36
1.22 1.38 the diameter for the blue light should be 0.74 mi. In

4300 400 Soo 0.32 0.12 amplitude filter synthesis, it is necessary to control
.,. blue 1.22 0.46 the gamma of the recording plate equal to 1 to obtain

140 500 0.32 0.34 the required amplitude transmittance.
1.22 1.31 In phase filter synthesis, we see that, the filter is

primarily composed of a set of 7r-phase circular con-
Note: A = 500 A for blue wavelength X - 4300 A is limited
by Kodak 47B filter. centric rings, as shown in fig. 2. The diameters of the

rings are determined by the primary color wavelength
and the size of the defocused point spread function.

sources, in table I. If the pinholes for red and green A simple technique of producing the phase filter is
sources are of the sate diameter, e.g.,d R = dG = 400 a bleaching method 1141. A black-and-while ring pal-
oim. the spectral bandwidths would be AX = 290 A. tern, corresponding to the it-phase zone of the phase
On the other hand, if the three pinhole diameters are filter, is recorded on a high-contrast filn. The recorded
different, e.g., dR = 200 pna, du = 170 pn, and djj = binary ring pattern is used as a mask to reproduce a
140 jm, coherence lengths obtained would be similar, number of gray-level rings on a low-contrast photo-
i.e., 1.35 nmi (red). 1.38 oni (green), and 1.31 mm graphic plate. If the recorded plate is bleached, a set
(blue). of dehiuir ing phase lillers cau he ohl aimmd. To search

In filter synilhesis, we note that tIhe inverse fitter for a 7r-pllmsc filter for a given wavelength, one call
function for time restoration of out-olf-locus image,
for each primary color wavelength, should be

fnap I fy phase delay: '.,: 1If(p, X,)1 < I
A• .X. 21(ira) n: (7)

-otherwise

*'Q wherm a is the diameter of the defocused point spread
function, p = (I /V)(a2 + 02)1/2, and m is a constant
of the order of 10 to 102. The meaning of n is that
the finite filter in dynamic range can be made in phys--
ical sense because .11 (nap) has an imlinile iniher o1f
rros [Il . Needless to say that eq. (7) can also he

m written as ,

where J,(Tv ) o, I, ,, ,

)*4 .10 0 1Thus an inverse filter cahlie synthesi/ed by the comn-
bination of an amplitude and a phase filter. The am- a - a. sMM . ssoU.Y .
plitude filter can be synthesized by recording an am- Fig. 2. A -phasc concentric rings for a deblurring phase filter.
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utili~c (lhe contrast-reverse method or by observing aaid threc pinholes of 200 pmt, 170 git, and 150
lte iniciisily ratio of lte guaii peak and lite %ccoaid pmn, for ltec rcd, greco, and hihie spectral hinds are

*. peak ol'a processed point1 spread function. "ised t' 1 Pliae 1412.-'*hIiec CVIe w.veleii9tli Cor lte

lit this manner, a set of debilurring flltcrs sutjable red spectral band is 6300 A. 5500 A fur lte green.

tfor the three primary color wavelengths call be ob- and 4300 A for the blue. Since we utilize the zero-

l aincd. The primary color invcrse filter functions can order spectra for the blue color source, a Kodak 47B
*he described as blue color filter is used to cover the p1iiluole. The

* wapo, sjectial ban~dwidtlhs of' these ptimly Color Sources

ON,, = -X) = . R.G, B (8) are: 140 A for (lie red, 1 20 A for Iltic green, and
2:, (niap,, In av fAI, 1 ~ '.N~ Jo t~ ia fir Ih hitt-ni.i

where ties of these three prim~ary color sources can be ad-
jtised y aset onet density filters for color

it l~)( ~~p, o ' balance.

IN~f((&_ );fpo2 +g;2112.forX(,For lthe first expcrimental (lenlonstratioll, we used

77f 0
2  2l2,fr\ a circular aperture of about 0.5 mm in diameter as

2 0)/ ,frX a defocussed point spread function. as shown in fig.
WII~~ 32I2 frX 3a. Fig. 3b shows the restored image of fig. 3a ob-

The thrce inverse filters are placed in the IFourier plane tamned with this polychromatic restoration technique.

P2 of the processor, their positions should be adjusted F-rom this figure, we see that, the dehlurrcd point

Property, such that a -XRfPO. P 0 for red sensitive spread function mainly consists of a high intensity

Itivelse filter . (V ;I'.~ = 01 for green. aind aV 0, center peak. as lte dehltirred image, and a wveak cir-
0= 0 for blue. cular ring imiage, which is primarily due to the finite

extentl of lte (lhurrilig tiliets. ln itt experiiiiitt fice

deblurring filters are limited to about four hopes, and
*3. Experimental res'tlts thre greatest density of lte amplitude filter is about

2 to 2.5 D).

In our experiment, a 75 W xenon arc lamup with a Front the result of fig. 3b, we also see that there
500 pmn pinhole is used as the white-light source I. is a slight color dispersion at two edges of the center

A phase gi at ing of 40 11/m in is placed at platie Pu , testoreti peak Image. We lite thailte dispiision is

4.

%
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arc about 0.5 mill in dilagneter. If tlie color traflsparen.
cy of fig. Sa is inserted at the input plane of the pro-

- , - posed deblurring processor of fig. 1, the festored color
point images can be obtained, as shown in fig. 5b.

From this figure we see that the color of the restored
images are very failhful. llowever there is a slight re-
pl:centcii of tie dchlurred color point image, which

Fig. 4. A electronk' %canned image of rig. 3b. is primarily duc to Ihe chromatic aberration of the
traiigm iii leIns'es.

primarily due to the chromatic aberration of the As a final experimental result, fig. 6a shows two
- transform lenses, which can be eliminated by using blurred color words (i.e., "Color Image") as an input

higher quality achioi:lic frilnsfOlin lenses. Fig. 4 hlumcd image. The coriespondimig dehlm ied color
shows an electronic scanncd image of the result of image ohtiined with this dehiirring leclnique is shown

- fig. 3b. From this figure, we see that the intensity of in fig. 6b. From this deblurred color image, again we
the center peak is much higher than that of the first- see that the color reproduction is rather faithful and
order ring. the quality of the deblurred image is quite impressive.

i We now provide a second experimental demonstra- Since the color image deblurring is obtained with three
tion for three overlapping primary color disks, as
shown in fig. 5a. The size of these primary color disks

" I

Fg. 5. Restoration of three defocused cotor point sprcad func-
tons. a) A black-and-whitc photograph of three ov'erlapping tFig. 6. Color image restoration of defocused color words
pimary color disks as the color defocused point spread func- "Color Image". a) A black-and-white photograph of the de-

tion%. b) A black -ind-white photograph of tile corrcsponding focused color word%. h) A black -and-white photograph of tile

dehlurred point spread functions. corrcsponding dcblurrcd color image.

282
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relatively temporally broad and spatially large prima- In view of the experimental results, we see that the
ry color light sources, the finger print like structure resolved color images offer a reasonably good deblurred
coherent artifact noise is eliminated, as can be seen image quality and the colors are faithfully reproduced.
from figs. 3b, 5b, and 6b. Since the primary color light sources are spectrally and

spatially broad, the coherent artifact noise is substan-
lially suppressed. Although there is some degree of

4. Summary chronialic aberration, it can be alleviated by utilizing
higher quality aclroinatic transform lenses.

We have shown that the color image restoration for
otit-of-focused photographic images can be obtained We acknowledge the support of the U.S. Air Force
by a white-light processing technique. This technique Office of Scientific Research Grant AFOSR-81-0148.
uses a diffraction grating to generate three diffraction
orders, so that three relatively spectrally broad and
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SOURCE ENCODING, SIGNAL SAMPLING
AND SPECTRAL BAND FILTERING

FOR PARTIALLY COHERENT OPTICAL SIGNAL
PROCESSING

F. T. S. YU

- MOTS CLUS KEY WORDS

Traitcmcnt optiquc Optical processing
Cohcrcncc Coherence

irailement optique en clairage particletent cohirent
en modulant la source et le signal
et en filtrant le spectre du signal

SUMMARY Relations between coherence requirement, spectral RtSUME On discutc dcs relations cntrc la coh~rcnce, le liltrage.
tiltering. signal sanmpling. and %ource encoding arc discussed. Since le6chantillonnagc du signal ct Ia modulation de la source. Puisquc

thc spatial coherence rcquiiremcnt is determined by the signali pro. Ic degr6 dc coherence spatiale cst tkiermin6 par Ic traiitcmcnt de
cessing operation. a strict spatial coherence is usually not required r'image. line parfaite coltrettee spatialc West, cn general. pits n&es-
The advantage of the source encoding is to relax the constrain~ts sa. LavaIntagc dc modulcr 1. source ex cs prclcd rie

a pysialligt sure s tat the %ignal processing can he carried inage avec tine source Ctenduc incolicrct. Ue*fTcl d'6chantil-
out with an extended incoherent source. The effect of signal sampling lonner l'image est d'am6liorer la coherence temnporelle dans le plan

is to improve the temporal coherence requirement at the Fourier de Fourier de faqon que le filtrage puisse s'Afectuer en lumitre
plane so that the spatial filtering can be carried out with partially partiellement coherente temporellemnent. L'utilisation d'un domaine

* coherence mode. The objective of broad spectral band filtering is spectral large a pour but de reduire le bruit d6a i la coh~rencc
0 to carry out the signal processing over the entire spectral band of spatiale de 1r6lairagc. Enlin. puisquc un dispositif de traitement

the light source so that the coherent noise can be eliminated. Since d'imnagc ecn lumi~rc pairtiellemencrt coherente utilise une source dc
* the partially coherent optical processor Utili7CS a1 broad spectral lumi~re blanche. il parait particuli~rcmntcn Wen adapt au traite-

band white-light source, it is particularly suitable ror color signal ment des images en couleurs. On pr6csnte des experiences mon-
process ing. Experimental demonstrations for the source encoding. trant l'avantage de moduler la source et d*6chantillonner l'image
signal sampling and spectral hand filtering arc included. loirsqu'on utilise une source 6tcnduc de Iumi~re blanche.

INTRODUCTION ronmients arc very stringent. For exanmple, heavy
optical benches and dust ft-ec environments arc gcnc-

Since the invention of 1ac i..asrngchrn rally required.
source) laser has bccome a fashionable tool for many Rccntly. we have looked at (fie ortical processtng
scientific applications particularly as applied to cohe- from a different standpoint. A ~ ~arises, is it
rent optical signal processing However coherent necessarily true that all optical signal processingopttcal signal processing systems are plagued with required a coherent source ? The answer to thiscoherent noises. which frequently limit their process- question is th.'t there are many optical signal pro-
tng capability. As noted by thc late Gabor, thc Nobel cessings that can he carried out by a white-light
prize winnerin physics in 1970 for his invention of source [2]. The advantages of the proposed white-
holography. the coherent noise is the number one light signal processing technique are : 1. It is capable
enemy of the Modern Optical Signal Processing [11. of suppressing the coherent noise; 2. White-light
Aside the coherent noise, the coherent sources are sources are usually inexpensive: 3. The processing

S Usually cxpensive. and the coherent processing envi- environments arc not critical: 4. The. white-light Sys-

%1
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tern is relatively easy and economical to maintain; where the integral is over the spatial domain of the
and 5. The white-lighl processor is particularly sui- input plane P. (11. q) delotes the angular spalial
table for color image processing. .. frequency coordinate system. Po is the angular spatial

One question that the reader may ask, since the frequency of the sampling phase grating and S(p. q)
white-light system offers all these glamorous merits, is the Fourier spectrum of s(.r. 3). If we write Eq. (I)
why it has been ignored for so long 'Ihe answer to in the form of linear spatial coordinate system (o4 (I),
this question is that, it was a general acceptance that we have
tin incoherent source cannot process the signal in
complex amplitude. Howcvcr, none of the practical E(., P; A) = S-(& L , (2)
sources are strictly incoherent, even a white-light
source. In fact, we were able to utilize the partial
coherence of a white-light source to perform the where p A (2 ir/).f) a, q A (2 fl/,). and f is the
complex amplitude processing. The proposed white- focal length of the achromatic transform lens. Thus,
light processor, on one hand it iscapahlcofsuppressing we se% hat ihe I~,trier spctra would disperse into

..:-. ; the coherent noise like an incoherent processor, on rainbow color along the axis, and each Fourier

,.. t the other hand it is capable of processing the signal spectrum for a given wavelength ). is centered at
in complex amplitude like a coherent processor. a + J12 nj po.

There is however a basic different approach toward
a coherent and a white-light processor. In coherent
processing, virtually no one seems to care about the. ... ,-i
coherence requirements, since the laser provides a " 0
strong coherent source. However, in white-light pro-% cessin& the knowledge of the coherence requirement /
is usually needed.

In white-light processing we would approach the i'C' ", , L. L P.
problem backward. First, we should know what is the
processing operation we wish to perform : Is it a I -D Fio. I. - A whitc-light optiml ign, l prvn.nupr.

or 2-D processing ? Is the signal filtering a point or
point-pair concept ? What is the spatial bandwidth
of the signal ? etc. Then with these knowledges, we
would be able to evaluate the coherence requirements
at the Fourier and at the input planes. From the eva- In signal filtcring, wc assume that a sequcncc of
luated results, we would be able to design a signal complex spatial filters for various ;, are available.
sampling function and a source encoding flmnction i.e., H(p,, q.), where p. =(2 ir/A.,f) a, q, = (2 nl).,f) P.

' to obtain these requirements. The objective of using In practice, all the processing signals are spatial fre-
,*,# a signal sampling function is to achieve a high degree queney limited, dhe spatial bandwidth of each spectral

of temporal coherence in Fourier plane so that the band filter 11(p., q.) is also bandlimited, such as
signal can be processing in complex amplitude, for H(p1 , q1), o < < o (3
the entire spectral band of a white-light source. And H(p., q) =(3)
for the source encoding is to alleviate the constraint 0, otherwise,
of an extended white-light source.

In the following sections, we sharl discuss in detail where a & (,IA .2 x)(po + Ap) and Of2 --(A..fl2 x) x
the source encoding signal sampling and spatial band (Po - Ap) are the upper and the lower spatial limits
filtering as applied to a partially coherent optical of 11(p,, q,). and Ap is the spatial bandwidth of the

- (e.g., white-light) signal processing. input signal s(x, y).
The limiting wavelengths of each II(p., q.) can be

written as
PARTIALLY COH ERENT OPTICAL SIGNAL
PROCESSING p + Ali p, -A

We shall now describe an optical signal processinlg ,,, AI and ,. ,, . (4)

* technique that can be carried out by a broad band The spectral bandwidth of //(p., £,) is therefore.
white-light source, as illustrated in figure 1. The
white-light signal processing system is similar to that 4 I,, Ap 4 Ap
of a coherent sylcm, except the use of a while-light AA1 A,. -l A.. (5)
source. source encoding mask. signal sampling grating. p (P o
nitiltispectral filters and achromatic transform lenses.
For example. if we place a signal transparency .v, ) if we place this set of spectral band filters side-by-
in contact with a sampling phase grating, the complex hside positioned over the smeared Fourier spectra, then
light field for every wavelength A behind the achro- the intensity distribution of the output light field can
matic transform lens L, would be b shown as.

% E(p. q; A) = s(x. v) exp(ipo x) xAXY) t A. Is(x, A., h(x,y; A.) (6)

.xexpL- i(px + ily)] d.\ dir = S(p - Po, q), (I) where h(.', ),; A) is the spatial impulse response of
r- -:

-------------------------.
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11(p.. ih) and * denotes the convolution operation. entire spectral hand of the light source. the coherent
TIues. the proposed while-light signal processor is noise can be supl'essed and Ihwhite-light processing--
capabic of processing the signal in complex amplitude. technique is very suitable for colour image processing.

".. "Since the output intensity is the sum or the mutually There is. however, a temporal coherence require-
incoherent narrow hand irradi.nces, the annoying ment impoed upon the signal filtering in Fourier
coherent noise can be eliminated. Furthermore. the plane. Since the scale of the Fourier spectrum varies
white-light source contains all the color wavelengths, with wavelength, a temporal coherence re4luirement
the proposed system is particularly suitable for color should he imposed on each spatial filter at the Fourier
signal processing. plane. Thus, the spectral spread over each filter

H(p,,. q,.) is imposed by the temporal coherence requi-v,',,,remcnt i.e.,
SPECTRAL BAND FILTERING, SIGNAL e .
SAMPLING AND SOURCE ENCODING A 4Ap 1 (7)

We have mentioned earlier for white-light or par- .,, I (
\, ; tially coherent processing. we would approach the From this requirement, a high degree oftemporal

' problem in backward manner. For example, if signal
tr i - sn -c l ncoherence is achievabk' in the Fourier plane by simply: . . .fi l t er i nl g is t N o -d iln c n s io n a l ( c . gz .. 2 -D co r r la io n o ix - i c e s n h p t a r q e c f t s m l n r t

ration), we would synthesize a set of narrow spectral increasing th spatial frequency of the sampling gra -
band filters for each )., for the entire smeared Fourier ing. Needless to say that the same temporal coherence
" spectra. as illustrated in figure 2(a). On the other requirement of Eq. (7) can also be applied for as p e c r a . a s i l u s r a t e i n f i g r e 2 a ) . O n t e o h e r b r o a d b a n d f a n -s h a p e f i l t e r .
hand, if the signal filtering is one-dimensional (e.g., There is also a spatial coherence requirementdeblurring due to linear motion), a broadband fan- Thr sas pta oeec eurmnshaesptial fiter to ineacrmodetha riaond fimposed at the input plane of the white-light processor.7"" shape spatial filter. to accomodate the scale variation With reference to the Wonf' [31 partial coherence
due to wavelength, can be utilized as illustrated in theory [3] the spatial coherence function the input
figure 2(b). Since the filtering is taken place with the pheoe ca be shown f4a,

" IF(x - x') = y(x0 ) exp i 2 - x') dx0 ,

Z H(8)
Hl(Pl,q,) where y(xo) denotes the intensity distribution of the
H,2(PQL source encoding function.

* From the above equatio. we see that the spatial
0_ coherence and source encoding functions form a

,. Fourier transform pair, i.e..
H,(P.,qO Y(x0) = F[F(x - x')]. (9)

and

- r(x - x') = Y,-[(xo)], (10)

where ,"1 denotes the Fourier transformation. This
Fourier transform pair implies that if a spatial colic-
rence function is given then the sourcc encoding
function can be evaluated through. the Fourier trans-

b formation and vice versa. We note that source encoding
functiotl can consist of ;1wtrit'rcs of any shalx or

RED complicated gray scale transparency. I lowever the
~Jf7 s01urce encoding function is onily liiied to .1 positive

real quantity which is restricted by the following
*" H(q) physical realizable condition

0 < )'(X,,) " .(l )

In white-light processing. we would search for a
reduced spatial coherence requirement for the pro-

VIOLET cessing operation. With rcference to this reduced
spatial coherence function, a source encoding fune-

*. __13 tion that satisfied the physical realizability condition
*can be obtained. One of the basic objectives of the' .',source encoding is to alleviate the const~aint of a

s n i l ttwhite-light source. Furthermore the source encoding
also improves the utilization of the light power such

. that the optical processing can be carried out by an
Fie;. 2. - (a) A nnlti .pi'cirul-hui lwr. (b) A nt-shape /i/Icr. extended source.
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". ,,, l where N ' I a i'sitiv integer, and i 4 J l:q. (14)
represents a secquence or narrow pulses which occur
at every I y - y' h, where it is a positive integer,
and their peak values arc weighted by a broader sine

Ll \factor, as shown in figure 4(a). Thus, a high degree
of spatial coherence can be achieved at every point-
pair between the two input color transparencies. By
taking the Fourier transformation of the reduced

..a, i spatial coherence function of Eq. (14), the correspond-
- ,ing source encoding function is

fNif N ,-nd I
Y(Y ) = a I rect V (15)

, .: A-IW

hI,c,. 3. - A wh,w.Iigh image .ubtraution proce.r. 7(x); Pliase where w is the slit width, d = (4f1h) is the separation
" r~aing. L, ; image lns. . ," colimated lens,. L, and L. : achromaik between the slits, and N is the number of the slits." " [irapl np ', h'n.vs. y,1 |., .mourte' aegdIpte Pn.mk, G; bu-hih I.. -.d q be w en t e lts .s

rroI " ~ ~ Since y(I t ) is a positive real finction which satisficsJwcH'rinI gri-nhg.

the constraint of Eq. (II), the proposed source encod-
__ing function of Eq. (15) is physically realizable.

In view of Eq. ( 5). we also note that, the separation
of slit d is linearly proportional of the L The source

We shall now illustrate an application of the source encoding is a fan-shape type function, as shown in
encoding, signal sampling and filtering for a white- figure 4(h). To obtain lines of rainbow color spectral

' light signal processing Let us now consider a poly- light source for the signal processing, we would utilize
chromatic image subtraction 151. The image sub- a linear extended white-light source with a dispersive
traction of Lee [6] that we would consider is essentially phase grating as illustrated in figure 3. Thus with

.-. a one-dimensional processing operation, in which a
I -D fan-shape diffraction grating should be utilized,
as illustrated in figure 3. We note that the fan-shape
grating (i.e.. filter) is imposed by the temporal cohe-
rence condition of Eq. (7). Since the image subtraction
is a point-pair processing operation, a strictly broad
spatial coherence function at the input plane is not ,
required. In olher word%, if one mainlains the spatial
coherence between thc corresponding image points - .
to be subtracted at the input plane, then the subtrac-
tion operation can be carried out at the output image
plane. Thus instead of using a strictly broad spatial a
coherence function, a reduced spatial coherence func-
tion may be utilized, such as

- ') = (y - ' - h + My- y' + ho), (12) - E

" %%here 2 h, is the main separation between the two
* input color transparencies. The source encoding func-
n tion can thcrcfore he evaluated by through the Fourier

transform of Eq. (9). such as

(2 oY(O) = 2 cos A ) . (13)

Unforlunately LIq. (13) is a hipolar function which is d
not physically realizable. To ensure a physically w
realizable source encoding function, we let a reduced
spatial coherence function with the required point-
pair coherence characteristic be [7].

e. i(I y - y" I) =
N1"'Violet

sn nIr - V I
().( sine -IY-Y'I , (14)

N sin l - .1 ' I G d Fiu. 4. - in) A .tli ,'hr.mg't. .hntiho. (h) .4 .wtercec n oding
P l~l4(h,
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F | J~:1(;. 5. f a) A4 hlh rrt.€l i-(lh r imagel . (h) A4 de~hlhrre'd c€'or imaoge.
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% f appro riate soir-ce encoding. signal sampling and il. image obtained by the source encoding technique
t.li.' color iliage stul'i action opl'itio call IV with Cxelndcd incolhcrcill source. In Ihis figure.
obtained at tie outplUt plane. We stress again, the the profile of a (red) subcompact car can be seen at
basic advantage of source encoding is to alleviate the the output image plane. The shadow and the parking

a constraint of strict spltial coherence requirement line (in yellow color) can also be readily identified.
imposed upon the optical signal processor. The source Wc however note that, this color image subtraction
encoding also offers the advantage of efficient utili- result is obtained by two narrow band extended
zation of the light power. incoherent sources. Extention toward the entire

• .. spectral band of a white-light source is currently
under investigation.

.. EX PF RIMENTAl. I)FMONSTRATIONS

We shall now provide a couple of experimental CONCLUSION

esultls oblained will) tIle snuice cicoding. signal
sampling and spectral hand filtering technique for In conclusion we would point out that theadvantage

- whiie-light and extended incoherent courses, We ( of source encoding is Io provide an appropriate
-'shall first show the result obtained for color image spatial ceice Iuiction atile input plane so that

deblurring due to linear motion -with the white- the signal processing can he carried out by an extended
light processing technique. Since linear motion deblur- incoherent source. 'he effect of the signal saiipling

ring is a I-D processing operation and the inverse is to achieve the temporal coherence requirementfiltering is a point-by-point iltering concept such at the Fourier plane so that the signal can be processed

that the operation is taking place on the smearing in complex amplitude, if the filtering operation is
length of the blurred image. Thus the deblurring two-dimensional, a multi-spectral-hand 2-D filters
filter (i.e.. inverse filter) is a fian-shape type spatial should be utilized. If the filtering operation is one-
Filter 181 and tle temporal coherence requie dimensional, a fan-shape filter can be used.
is imposed b% lq. (7). lie spatial coherence require- In short, one should carry out the processing
ment is dependent upon the smearing length. A source requirements backward for a partially coherent or
encoding function of a narrow slit width (dependent white-light processing. With these processing require-
"-'."ments (e.g., operation, temporal and spatial coherence
upon the smearing) perpendicular to the smearing
length is utilized. Figure 5(a) shows a color picture requirements). multi-spectral-band or fan-shape filter,
of a blurred image due to linear motion of a F-16 signal sampling function, and source encoding mask
fighter plane. The body of this fighter plane is painted can be synthesized. Thus the signal processing can
in navy blue-and-while colors, the wings are mostly be carried out in complex amplitude over the whole-
painted ill red. tihe tail is navy bhiuc-and-while, and tile spectral band of an extended white-light source.
ground terrain is generally bluish color. From this We acknowledge the support of the U.S. Air Force
figure, we see that the plane is badly blurred. Office of Scientific Research Grant AFOSR-81-0148.
Figure 5(b) shows the color image deblurring result
that we obtained with the proposed white-light . .
debhlurring technique. From this deblurid result.

. the letters and overall shape of the entire airplane
are more distinctive than the blurred one. Further- REFERENCES

f more the river, the highways. and the forestry of the
* ground terrain are far niore visible. We note that

the color reproduction of the deblurred image is Ill GAIN* (D.). iBM. J. Res t)cvhlop. 1970. 14. 5(N,
spectacularly faithful, and coherent artifact noise is 12] Yu (F. T. S.). - Optical Inlormation Processing, Wiley-
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of color blur and color deviation. %hich are primarily 111 lI goKN (M.)and W Yo rk .. Int ,,I Or,, %. 2nl re. ¢d.,
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tance coaling of the transform lenses. Nevcrthe- 1982. 827,9').

lsc,. these drawbacks can be overcome by itil izing 1S1 Y1i I(I. 1. S.) awd Wi iSt ) .J Opt . Il-W?, I. 181
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University Park, Pennsylvania 16802

A technique Lat permits signal processil. operations to be carried out by
white-light source is described. This method is capable of performing sipnal, proc-
essing that obeys the concept of coherent lipht rnther Ithnn in('liret.t (pt It'n. ince
tile wf I t.-.1 I)-hIt ourCe C ConL.1 l.un8;1n1 J. the color wave I eig hs or the v isi I . I IlIt , the
technique is very suitable for color s tgn.,i processing. 'uI&111 Of ILS recent advances
In white-lighL signal processing will be illustrated.

INTRODUCTION

The use of coherent light enables optical systems to carry out many Fophisti-
cated information processing operations (ref. I). However, coherent optical proc-
essing systems are plagued with coherent artifact noise, which frenuently limits
their processing capability. Although many optical information processing operations
can be Implemented by systems that use incoherent light (refs. 2-5), there are other
severe drawbacks. The incoherent processing system is capable or reducing the inev-
itable artifact noise, but it generally introduces a dc-bias buildup problem, which
results in poor noise performance. Techniques have been developed for coherent

'.';, operation with light of reduced coherence (reefs. 6,7); however, these tecinioues

also possess severe limitations.

Attempts at reducing the temporal coherence requirements on the light source in
optical information processing fall into two general categories: one, the use of
incoherent instead of coherent optical processing has been pursued by Lo.enthal and
Chavel (ref. 8) and Lohmann (ref. 9), among others. The other, the reduction of
coherence while still operating in the linear-in-amplitude, has been pursued by
Leith and Roth (ref. 10) and by Morris and George (ref. 11).

Since the invention of laser (i.e., a strong coherent source), it has become
a fashionable tool for many scientific applications particularly as applied to
coherent optical signal processing. However coherent optical signal processinp
systems are plag1ued with coherent noises, which frequently limit their processing
capability. As noted by the late Gabor, the Nobel prize winner in physics in 1970
for his invention of holography, the coherent noise Is the numbler one oneniv of tilt
Modern Optical. Siriv;1 I rocvv. I ug (ref. 12). Arlitle Crum the coliv rent n-I iiii, tilt-
coherent sotir en are ulliifl J y expeti: y1, niu L tilt- c lvt -tiLt procee.:,,lng e lVi iitlleli Ls
are very strin1gent. For example, heavy optical benches and dust free environments
are generally required.

Recently, we have looked at the optical processfig, from I different standpoint.
Aquestion arises, is it necessarily true that all optical signal processing required

* 'This research is supported in part by the Air Force Office of Scientific Research.

53

,' .. .. ,.. ...-. ...'..'-'J ',, r -+'. '.+ o' 4".~ i",.'J T., '.'+; '+ ', .5 : t: "r _ s



47y, )

L" i:t ,lvr,l,it tintirce.? "h naw.r Lo thl; pie LbIn 19 LII;iL there are many optlcal

sl4 1 l I pro ',vs lI , s that m'nu ht, rarrlcd tiat by ii wl11 -I111tI .iii -' (rmir. ii). '111C
uivanLages Or I he i l.roposcd whi Lc-.I lh , S gI I. prolc'ess4'ing Lecith Icl'tl are: 1. It is
Scapable of suppressing the coherent noise; 2. Wite-light source is nsually
Inexpensive; 3. The processing environment is not very demanding; 4. The white-
light system Is relatively easy nnd economical to maintain; and 5. The white-light

processor is particularly suitable for color image processing. -

One question that the render may ask, since the white-light system offers all
these glamorous merits, is why has it been ignored for so long? The answer to this
question is that it was a general acceptance that an incoherent source cannot
process the signal In complex amplitude. Itowever, none of the practical sources are
strictly Incoherent, even a white-Ipght source. Tn fact, we were able to utilize
tLh' partil c(iiernce of n wht-Iight source to prrform t,, cowmldex aminlJ I tude
processitig. The proposed white-l ight processor, on one hand, is capaible of
sulppress1hig the (coire1ll noise .1Ike t a Inholeret .processor, and on the other hand, It
is capable of processing the signal in complex amplitude like n coherent processor.

There is however a different approach toward the utilization of a white-light
processor. In coherent processing, virtually no one evaluates the coherenceIrequirement, since the laser provides a very good coherent source. However, in
white-light processing, the evaluation of the coherence requirement is usually
called for.

.In whIte-light signal processing we should annroach the nroblem from a different
standpoint. First, we should have the a priori knowledge of the signal processing
operation we would encounter. For example, is ic a I-D or 2-D processing? Is the
signal filtering a point or point-pair concept? What is the spatial bandwidth of
the signal? Then we would be able to evaluate the coherence requirements at
the Fourier and at the input planes. From the evaluated results, we would be able

. to design a signal sampling function and a source encoding mask to obtain these
requirements. The objective of using a signal sampling function Is to achieve a
high degree of temporal coherence in Fourier plane so that the signial can be proc-
essed in complex amplitude for the entire spectral band of the lipht source. And
for the source encoding, it is to alleviate the inability of an extended source.

In the following, we shall discuss in detail the source encoding, signal
sampling and spatial band filtering as applied to white-light signal processing.

WHITE-LIGHT OPTICAL SIGNAL PROCESSING1
We shall now describe an optical signal processing technique that can be

carried out by a white-light source, as illustrated in Fig. 1. The white-light
iI signal processing system is similar to that of a coherent system, except for the use

of a white-light source, Rottrce encoding mask, signal Rnmpiling grating, multispectral
filLers :,itd achromatic transform lenses. For example, if we place a signal trans-
parency s(x,y) in contact with a'sampling phase grating, the complex light field for
every wavelength X behind the achromatic transform lens L1 would be

E(p,q;X) = ffs(x,y) exp(ipox)exp[-i(px+qy)]dxdy - S(p-po,0q)

where the integral is over the spatial domain of the input plane P1 , (p,q) denotes* I the angular spatial frequency coordinate system, po is the angular spatial frequency

1 54
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S' 2 P,) (2)

vhere p = (21/( f)a, q = (2i/iXf)B, and f is the focal length of the achromatic trans-
form lens. Thus, we see that the Fourier spectra would disperse into ritnbow color
along the a axis, and each Fourier spectrum for a given wavelength X iF centered ati-. : a - +_(Xf/27t)p o .

,e In signal filtering, we assume that a sequence of complex spatial filters for
various Xn are available, i.e., 1I(p,,u01), where Pn = (21r/Xnf). a1. = (2ri/)nf)P. In

* practice, all the processing signals are spatial frequency limited; the spatial
bandwidth of ench spectral band filLer 1l(P,q) is also bandlimiLted, such as

. Pn9qn,1 < Ot < at 2

.0, otherwise

vhere al = (XnfI2n) (po + Ap) and a 2 = (nf/ 2T)(p - Ap) are the upper and the lower

spatial limits of H(Pn,qn), and Ap is the spatiaY bandwidth of the input signal
s(x,y).

- ent ,The limiting wavelengths of each H(pn,qn) can be written as

PO + Ap PO- Ap
and = (4)

- n po - Ap h n PO + p

The spectral bandwidth of H(p ,qn) is therefore

,'pA (5)
'n n p2 - Cp)2  Po n

If we place this set of spectral band filters side-by-side positioned over the
smeared Fourier spectra, then the Intensity distribution of the output light field
can be shown as

N
I(xy) E AX s(x,Y;X) * h(x,y;X )1 (6)

n= n n n

'tral vbere h(x,y;X) is the spatial impulse response or I(po n) and * (lelutes the con-
V,* @l~ttto l t opelr:ml Inti m . Tl' tsuti, L i , lrolp itiil w i ll.t - I Igh L ui li , i: l p r evi.I:ii r I i callp; b l' o f

Sor processing the signal in complex amplitude. Since the output intensity is thie sum
of the mutually incoherent narrow band spectral irradiances, the annoying coherent
artifact can be eliminated. Furthermore, the white-light source contains all the

color wavelengthq; the processor is very suitable for color signal processing.

•ncy
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SPEC'rlAI, BAND .IRI,'RN(', SIGNAl, SAMPIIN(C AN SOt.I,'NCOI)INC; I
m

As stated earJ ler, in white-light signal processing we would approach the
problem from a different standpoint. For example, if signal filtering Is two-
dlmen:;ionalt (r. ;., 2-1) corrci lt:Jon opvrla.nn), we wou.ld synLicsize a set of narrow
spectral band filters for each Xn for the entire smeared Fourier spectra, as
illustrated in Fig. 2(a). On the other hand, If the signal filtering is one-
dimensional (e.g., deblurring due to linear motion), a broadband fan-sluape spatial o
filter, to accommodate the scale variationi due to wavelength, can be utilized as st
illustrated in Fig. 2(b). Since the filtering is taking place with the entire r,

.-. spectral band of the light source, the artifact noise can be suppressed and the e
white-light processing technique is also suitable for color Image prorosslnp. m,

There is, however, a temporal coherence requirement imposed upon the signal
filtering in Fourler plane. Since thy scale or the Fourier spectrwm varies'with
wavelength, a temporal .coherence requirement should be imposed on each spatial a,
filter at the Fourier plane. Thus, the spectral spread over each filtr ll(Pn,qn) is cl
imposed by the temporal coherence requirement, i.e., "

- a

- X ed
;:.~I<<= « (7) C

. n o pl,

From this inequality, a high degree of temporal coherence is achievable in the ti
Fourier plane by simply increasing the spatial frequency of the sampling grating. tl
Needless to say, the same tempoal coherence requirements of Eq. (7) can also be
applied for a broadband fan-shape filter. f 1

There is also a spatial coherence requirement imposed at the input plane of
the white-light signal processor. The spatial coherence function at the input
plane can be shown (refs. 14,15),

st'
x el

(x-x = ffy(Xo)exp1i2r-11 ("-x')]dX (8)
0

which essentially is the Van Cittert-Zernike Theorem (refs. 16,17), where Y (x)
denotes the intensity distribution of the source encoding function.

From the above equation, We see that the spatial coherence and source encoding To
functions form a Fourier transform pair, i.e., sp

(Xo  =[r ) (9)

00

: and

Sof

where_ denotes the Fourier transformation. This Fourier transform pair implies an

that if a spatial coherence function is given then the source encoding function can Th
be determined with the Fourier transformation and vice versa. We note that source th
encoding function can consist of apertures of any shape or complicated gray scale re
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trnnnmlli ,',v. lIlowt-v.r Ile r4mircr1 'e Ot)icil, ,-ll I M t'mS. IuII i) 111 111 y I liMIL L Lo .1 11!4|tlye
real qvltnnItLy which IN reOtI'[cLted by tle fo.l.owing physlia re.Iiizabie condition:

- < y( ) < 1 (

In white-light signal processing, we would search for a reduced spatial
coherence requirement for the processing operation. With reference to this rpd,,c~d
spatial coherence function, a source encoding function that satisfies the physical"
realizability condition can be obtained. One of the basic objectives of the source,. encoding is to alleviate the Inability of a physical whiltc-11pht sollre.. Fuirthier-

ore tile source encodIng also improves the utilization of the light power such that
U the optical processing can be carried out by an extended source.

Wi. shut 1 unow 11i. a: rae to n app1 Icat ion or the sourcte onuLod lug, signal sampling;,
and filtering for au whlte-liht sigtal processhi. Lot us now consider a poly-I
chromatic image subtraction (ref. 18). The image subtraction of Lee (ref. 19) that
-e would consider is essentially a one-dimensiobal processing operntion, in which
a 1-D fan-shape diffraction grating should be utilized, as illustrated in Fig. 3.
We note that the fan-shape grating (i.e., filter) is. imposed by the temporal
coherence condition of Eq. (7). Since the image subtraction is a point-pair
processing operation, a strictly broad spatial coherence function at the input plane

" is not required. In other words, if one maintains the spatial coherence between

the corresponding image points to be subtracted at the input plane, then the sub-
traction operation can be carried out at the output image plane. Thus instead of
using a strictly broad spatial coherence function, a reduced spatial coherence
function may be utilized, such as

r(y-y') - 6(y-y'-h ) + 6(y-y'+ho (12) '
0 0.

where 2ho is the main separation between the two input color transparencies. The I
source encoding function can therefore be evaluated by through the Fourier transform
of Eq. (9), such as

y(yo) 2 cos( y (13)

Unfortunately Eq. (13) is a bipolar function which is not physically realizable. '1
N"4 To ensure a physically real-izable source encoding function, we let a reduced

spatial coherence function with the point-pair coherence requirement be (ref. 20)

Ns I -y I) ,,
s -"K f1 (y ) sn(

.'--" s , n "1- y-y' I)(14) .

ly-y 1) 0)

where N >> 1, a positive integer, and w << d. Equation (14) represents a seguence

of narrow pulses which occur at every ty-y'I = nhO , where n is a positive integer,
and their peak values are weighted by a broader sinc factor, as shown in Fig. 4(a).
-Thus, a high degree of spatial coherence can be achieved at every point-pair between
the two input color transparencies. By taking the Fourier transformation of the
reduced spatial coherence function of Eq. (14), the corresponding source encoding
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fi-tic t i.n Its

Nil
-- y(lyl) ) rect y (15) si

wM
re(

where w is the slit width, d = (r/bo) is the separation between the sifts, and N got
is the number of the slits. Since y(Iyt) is a positive real function which fr
satisfies the constraint of Eq. (11), the proposed source encoding function of

- j Eq. (15) is physically realizable. bI
of

In view of Eq. (15), we also note that the separation of slit d is linearly fou
proportional to the A. The source encoding is a fan-shape type function, as shown iza
in Fig. 4(b). To obtain lines of rainbow color spectral light sources for the so..
R-. sIgnl proce.nsilg, we would tL il I ze it JI nen r exLended wit Ite-.1 I ght source wI thf a Cot
dispersive phase grt[ing,, Ia lga istrated Jn Fig. J. Thus with it(' described broad- tee
band source encoding mask, sampling grating, and fan-shajie sinusoidal grating,
a color substracted image can be seen at the output image plane. bel

RECENT ADVANCES IN WHITE-LIGHT PROCESSING
enc

It would occupy lengthy pages to describe most advances in white-light signal as

processing. We would however have to restrict our discussion to a few recent as

results that are considered interesting. Since the white-light signal processor is pla
particularly suitable for color signal processing, we shall provide the results obt
mostly in color images.

We shall first demonstrate a color image deblurring result due to linear mo- ove

tion. Since linear motion is a I-D processinR operation and its deblurring filter the
is a point-by-point filtering, "% fan-shape deblurring filter can be utilized
(ref. 21). Figure 5(a) shows a eolor picture of a blurred image due to linear

motion of an F-16 fighter plane. The body of this fighter plane is painted in navy tak4

blue-and-white colors, the wings are mostly painted in red, the tail is also navy joiJ
A, blue-and-white, and the ground terrain is generally bluish-green color. From this enct

figure, we see that the plane is severely blurred due to motion. Figure 5(b) shows enc.
,the color image deblurring result obtained with the white-light signal processing and-

technique. From this result, the letters and overall shape of the entire airplane tial
are more distinctive than the blurred one. The river, the highways, and tLhe the

forestry of the ground terrain are far more visible. We note that the color imaE

reproduction of the deblurred image is spectacularly faithful and coherent artifact colc
[ noise is virtually nonexistent. Firi

fre(

Let us now provide a color image subtraction utilized by the source encoding the

technique with extended incoherent sources (ref. 18) as described In previous can

sections. Figtire 6(n) nnd 6(b) ihow two reo 1r imng, trn.uip:trvi,. cif : lvrking lot gal

-.' ni Jiilut. clor c it et. Flgure 6(c) shows the color subtracted image obtained by

the source encoding technique with extended incoherent source. In this figure, the

profile of a (red) subcompact car can be seen at the output image plane. The be i

shadow and tile parking line (in yellow color) can nlsn be readily Ideni Ified. are
'owver, we note that this color image subtraction result is obtained by two mix

narrow spectral band extended incoherent sources. Extension toward the entire coml

spectral band of a white-light source is currently under investigation. the

* Fig
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lWe nt" Ial I Iw I I I inl'lI n1 . tir t-.puIr mth-nia I retim It Ohmi Ii miti I IIi I oir miuitlng
spertrograim (r. r. 2 ) eai ihe geii-na I v I by i wh I Lte- II gI i I roci ;t! I ll.u t etI I ll te, a
llus ratt-d In I'I1g. 7. Fgure 8(a) shows a typical l-D intensity modulated speech

signal obtained by focusing its CRT scanner onto a moving pinoLogralshic film by ar
film tra nsport. If Lhe recorded form'at Lr:nn,;paremcy Is transporting over a
rectangular optical window at the input plane of Fig. 7, a frequency color encoded
sound spectrogram can be recorded at the output plane. Figure 8(b) shoms a typical
frequency color coded speech spectrogram obtained with this tecihnique. The frequency
content is encoded from red for high frequency, green for Intcrmcdiate frequency, to

_". I blue for low frequency. This color encoded speech spectrogram represents a sequence
of English words spoken by a male voice. These words are "testing, one, two, three,
four." From this color encoded speech spectrogram, we see that excellv.nt O.nr-cter-
izaton of format variatlon can readily he seen. Because of the use of a white-light
source, tlh artifact noise is avoided. As compared with the ciectrunic and'digital
counterparts, its white-light signal processing technique simpl if led the processing
technology and the system is rather versatile to opt rate. Althouph the resul]t
provided is rather preliminary, it is the first color-:coded speech spectrogram
being generated.

We shall now illustrate a computer controlled white-light density pseudocolor
encoder, as proposed in Fig. 9. The spatial encoding is made by multiplexing a

" positive, a negative, and a product image onto a black-and-white photographic film,
as illustrated in Fig. 10. Figure 11 shows a sketch of the normalized transmittance
as a function of gray scale. If the encoded transparency is inserted at the input

plane of a white-light processor of Fig. 9, then a density color coded image can be
obtained by color filtering at the Fourier plane.

We stress that this white-light pseudocolor encoder offers several advantages
over the digital counterpart. The encoder is far less expensive and in principle
the technique offers a higher image resolution.

Figure 12 shows a set color coded image of a womans pelvis. The x-ray was
taken following a surcgal procedunri. A section of tile bone between the sacroiliac
joint and spinal coltumn has been removed. in Fig. 12(a), the pos'Itive image is
encoded in red, the negntive imngre is enroded In blue, and the product image is
encoded in green. By comparing the pseudocolor coded image with the original black-
and-white x-ray picture, it appears that the soft tissues can be better differen-
tiated by the color images as demonstrated by the fact that the image contrast in
the region containing the gastrointestinal tracts is evidently superior In the color
image. On the other hand, there seems to be a degradation in the resolution in the
color image along edges of the hard tissues. This is perhaps caused by two reasons:
Firstly, high frequency information may be eliminated due to the low spatial

* frequency encoding gratings (00 1 ncs/im and 26.7 lines/mm) employed. Secondly,
the Image m;iy le ,;mered dLe to tile fI tm development process. These two problems
c.tn be easily corrected by selecting higher frequency encoding gratings nnd by
gaining more experience in ilm proFn.-lnfg.

Another polit worthwhile to note is that a reversal of the color encoding can
be easily implemented as shown in Fig. 12(b), where the positive and negati-ve Images
are encoded in blue and red while the product Image remnins in )reen. This color
mixture capability could ibe Ieneflclal because an Image in different color
combination may reveal subtle features which are otherwise undetected. For instance,
the air pockets in the colon of the patient can be identified more easily with
Fig. 12(b) than with Fig. 12(a). Moreover. a wide variety of other pseudocolor
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C1 1n1COdid llnges can alno be ohItilned by sImply nlternntinp thi. ",oIlor f I Iters In the
Four Ier plane of Lithe white-I Ighlt proevnsor.

CONC.lSIl ON

In conclusion we would stress that iource encoding is to provide an
appropriate, reduced spatial coherence function at the input plane so that the

signal processing can be carried out by an extended white-light source. 'he effect

of the signal sampling is to achieve a higher temporal coherence at the Fourier 16
plane so that the signal cnn be processed in complex amplitude. If the filtering

operation is twn-d linens lonal , n nuitltI-specrral-bnd 2-1) riltir. slhould be otIlized.
I If the filtering operation is one-dimensional, a fan-shape filter can be used. In 17

summary, the white-light signal processor is capable of procensino the sinnl in
complex iiiipl Ittule tut it c,lierett l'r,,entor aud , on Lhe oier ha1d, it suppresses the
artifact noise as an incoherent processor. Since the white-light sorue containsis

all the visible wavelengths, it has been shown very suitable for color signal
processing.
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Figure 1. A white-light optical signal processor.
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Figure 2(a). A multi spectral-band filter.
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Figure 2(b). A fan-shape filter.
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f

Figure 3.- A white-lght image subtraction processor.' )
grnting I LI; imulge 10119, LC; collimated lens, L, andL2; alchromatic. transform lenses, y(y); source encodingmask, G'; fan-shape diffraction grating..

I It

Figure 4 (a). A spatial coherence function.

"VioleeI1 d
~ Figure 4(b). A source encoding mask.
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SFigures 6(a) and (b). Black-and-white pictures of the input color objects.

Figure 6(c). A black-and-white subtracted color image.
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Figure 9. A computer contrbllable white-light density pseudocolor encoder.
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